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Abstract
In these lectures I survey the state of supersymmetric extensions of the Standard
Model in light of data from the first run of the LHC. After assessing pre-LHC expec-
tations based on principles of naturalness and parsimony, I review the landscape of
direct and indirect search limits at the LHC, including the implications of the observed
Higgs mass and couplings. Finally, I survey several broad classes of supersymmetric
models that are consistent with current data and enumerate the most promising search
strategies and model-building directions for the future.
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Part I
Preliminaries
Preface
These lecture notes are based on a series of three lectures delivered to an exceedingly pa-
tient audience during the training week of the GGI workshop “Beyond the Standard Model
after the first run of the LHC”. They’re aimed at young physicists with a working grasp of
supersymmetric phenomenology, intended primarily as an assessment of supersymmetry in
light of LHC data rather than a review of fundamental principles. The original audience
included both beginning graduate students and some of the pioneers of weak-scale super-
symmetry, which made for an unusual balance. The first lecture (sections 1-4) is intended
as a general, broad summary of the state of supersymmetry in light of LHC limits. The
second lecture (sections 5 & 6) is somewhat more technical, but remains focused on the
direct implications of LHC limits for supersymmetry. The third lecture (sections 7 & 8)
ventures into model-building guided by LHC limits. Needless to say, these lecture notes
contain some additional content omitted during the actual lectures due to time constraints
or simple absent-mindedness. Experimental figures have been updated to include results
presented between delivery of the lectures and completion of these notes. The material
covered – and the tone of its presentation – is necessarily idiosyncratic, and I apologize
for any and all omissions; for an excellent alternative with somewhat different coverage
of similar topics, I recommend Jonathan Feng’s lecture notes [1]. In any event, hopefully
these notes – unlike the lectures themselves – do not suffer from my general tendenza a
parlare troppo in fretta.
1 Introduction
As of the time of these lectures – June 2013 – the LHC has completed a run of unprecedented
success, accumulating ∼ 5 fb−1 of integrated luminosity at 7 TeV pp collisions and ∼ 20
fb−1 of integrated luminosity at 8 TeV pp collisions in each detector. Not all of the data
has been analyzed – in part due to the deserved focus on analyzing the recently-discovered
Higgs boson at 125 GeV, in part due to the countless channels available. So there remains
considerable room for surprises in data that has already been written to tape; it is entirely
possible that the tone of these lectures will be superseded by intriguing hints in Run I
analyses that have yet to be completed or released.
But barring that cheerful eventuality, the general tone at the moment is fairly sombre
for supersymmetry enthusiasts. Of course, the discovery of the Higgs boson is immensely
exciting, and supersymmetry is one of few UV complete frameworks to predict a range
for the Higgs mass that is compatible with observation. So that’s good. But the various
3
superpartners predicted by minimal realizations of supersymmetry have yet to appear, even
as the mass reach of the LHC stretches out towards degrees of freedom at the TeV scale.
To the extent that these superpartners are responsible for preserving the naturalness of the
weak scale against radiative corrections, their apparent absence at the weak scale is cause
for no small amount of unease.
I should take great care to emphasize that this unease is by no means unique to super-
symmetry. Effective field theory tightly ties the cutoff for radiative corrections to the Higgs
mass to the mass scale of new physics; the non-observation of additional particles pushes
that cutoff to higher and higher scales for any natural explanation of the weak scale. So
essentially any model that explains the naturalness of the weak scale is under tension due
to the onward march of null results. This is either a challenge to naturalness or a challenge
to our ability to construct natural theories.
My hope, in these lectures, is to survey in concrete terms the state of supersymmetry
in light of Run I data – to quantify the feeling of unease coming from null results, and to
evaluate the directions for supersymmetry that seem most promising in light of data. The
idea of giving a “state of supersymmetry” lecture brings to mind the State of the Union,
an address that customarily begins with variations on the phrase “the state of the Union
is . . . ”. In the modern era “. . . ” is typically some moderately optimistic platitude like
“strong”. At the moment, I do not think that optimistic platitudes are a very helpful guide
for our community. And so, as for the state of supersymmetry, I am inclined to paraphrase
a president from a much earlier time:1
Candor compels me to declare that at this time there is no supersymmetry as
our forebears understood the term, and as they meant it to be understood by
us.
I do not mean this to say that there is no supersymmetry in nature. Rather, I mean
that the march of null results suggests that we were mostly wrong about precisely how
supersymmetry would appear at the LHC. To me, this suggests immense opportunity to
step back and re-evaluate the criteria that led us to this point. In particular, we built
our expectations for supersymmetry at the LHC on the twin pillars of parsimony and
naturalness. The null results at the LHC suggest that those two pillars were perhaps not
the right foundations. Consequently, there is now tremendous opportunity to figure out
the correct theory of the universe, with much room for it to be supersymmetric in some
form.
A supersymmetry skeptic might understandably ask why we should attribute the lack
of SUSY signals at the LHC to incorrect model-building criteria, rather than to the simple
lack of SUSY itself. Indeed, it may well be that supersymmetry plays no role in stabilizing
the weak scale. But there are many valid reasons to favor supersymmetry, some of which
are only strengthened by what we’ve learned so far at the LHC:
1From Andrew Johnson’s 1867 address, “Candor compels me to declare that at this time there is no
union as our fathers understood the term, and as they meant it to be understood by us’.
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• It robustly solves the hierarchy problem without UV sensitivity.
• It predicts that electroweak symmetry is broken by an elementary scalar, in good
agreement with observation.
• It predicts the Higgs mass to lie below 135 GeV, in good agreement with observation.
• It has excellent decoupling properties, ameliorating tension with limits on precision
electroweak observables.
• The degrees of freedom directly related to the naturalness of EWSB are not yet
sharpy constrained by the LHC.
Against this we must measure the negative indication:
• The simplest versions of supersymmetry, with the simplest assumptions about the
supersymmetric spectrum, are under stress.
In the balance, it seems to me to be worthwhile to pursue supersymmetric explanations
of the hierarchy problem, at least until we’ve fully explored the range of supersymmetric
models available. Indeed, it’s a splendid opportunity for young physicists to inject new
ideas and take SUSY phenomenology in new directions. The motivation is still strong,
but data has told us that our pre-LHC criteria were perhaps not correct, and new criteria
(such as the Higgs mass and couplings) provide suggestive avenues for further development.
Thankfully, this is a more or less falsifiable proposition – if we turn on the LHC at 13 TeV
and have still discovered no indication of new physics within a few years of starting Run
II, even convoluted models of weak-scale supersymmetry will be strongly disfavored. Of
course, this says nothing about models of supersymmetry above the weak scale, perhaps
motivated by gauge coupling unification – but that’s a matter for another day. . .
2 What did we expect?
So far I have made much of the idea that our pre-LHC expectations regarding supersym-
metry were perhaps incorrect, without breaking down precisely what those expectations
were. In my mind, the two principle guideposts for model-building in the pre-LHC era
were the clear criteria for physics motivated by the hierarchy problem: naturalness and
parsimony. The general moral of these lectures will be that SUSY is in fine shape if we
relax one criterion or the other. But first, let’s examine where those criteria led us.
2.1 Naturalness
Naturalness is the deepest underlying motivation for weak-scale SUSY, so let’s briefly
examine the motivation and precisely how it shaped thinking in the run up to the LHC.
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We start in our field with Dirac, asking why the proton is much lighter than the Planck
scale. And we understand this through asymptotic freedom of QCD, via
mp
MP
∼ exp [−c/g23] 1
We see the same problem recapitulated in the electroweak sector, namely by the obser-
vation mW ,mZ ,mh MP . However, these physical states are not obviously composites of
some asymptotically free dynamics, and so it is less clear that the same reasoning applies.
And the problem is actually sharper. The Higgs, whose vacuum expectation value sets
mW and mZ – if a fundamental scalar – is generally quadratically sensitive to the scale of
physics to which it couples. Generic new physics induces contributions to the Higgs mass
on order of the new physics scale times a loop factor, and gravity attests to the existence
of such scales in the most troubling way.
This was captured clearly by Wilson, as conveyed by Susskind [2]. In their assessment,
satisfactory explanations of the weak scale should require more or less that “observable
properties of a system should not depend sensitively on variations in the fundamental pa-
rameters.” In subsequent years we have identified two broad classes of solutions with some
promise of satisfying this criterion: (1) introduce a symmetry to control radiative correc-
tions to elementary scalar masses to arbitrarily high scales, or (2) lower the cutoff of the
effective theory containing the elementary scalar (either by lowering the cutoff entirely, as
in large extra dimensions, or introducing a scale above which there is no elementary scalar,
as in compositeness and warped extra dimensions). Supersymmetry is an exemplar of the
first class, introduced to control the large contribution to the Higgs mass from states at the
highest cutoffs of the theory by enhancing the symmetry of the theory. Supersymmetric
extensions of the Standard Model trade quadratic dependence on high scales for logarith-
mic dependence on the cutoff and quadratic dependence on smaller sparticle masses. Of
course, just eliminating quadratic sensitivity to the UV cutoff is not enough for naturalness;
one must subsequently ensure that the logarithmic dependence on the cutoff and quadratic
sensitivity to sparticle masses does not make the theory unnatural. So much effort over
the last thirty years has been devoted to taking the idea of “insensitivity” quantitatively.
We seek to elevate this into a quantitative principle that we can use to evaluate models.
This leads to the naturalness prescription followed by our field. The typical prescription is
to choose a framework and fundamental parameters (call them ai – what precisely qualifies
among the ai depends on the context), then compute the sensitivity parameters ∆, defined
by [3]
∆[ai] =
∂ lnm2Z
∂ ln a2i
,∆ ≡ max
i
∆[ai] (1)
and impose ∆ < ∆max with social choice of ∆max. (Alternately, some prescriptions vary
mZ with respect to a, not a
2.) Crucially, the acceptable value of ∆ has drifted up over
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the years, starting around ∼ 10 and floating towards 100. Many would now call 1000 a
reasonable value. Yet there is no intrinsic measure; this is simply a prescription.
In what follows, I will use the historical ∆ ∼ 10 benchmark to set LHC expectations
for the connection between naturalness and the spectrum of superpartners. But before
proceeding further, it is helpful to critique the role of the sensitivity parameter in shaping
model-building. There are many questions left unanswered by the naturalness prescription
embodied by (1).
• First, how to combine sensitivity parameters ∆? Take the maximum value? Add
in quadrature? Multiply together? Arguments can be made for each, and various
practitioners have made various choices, but it’s not at all clear which is appropriate.
Needless to say, models do not behave uniformly under changes in this prescription.
• What fundamental parameters ai are included? The SUSY-breaking parameters
alone? Also Standard Model dimensionless parameters? A/the cutoff? Which cutoff?
We often try to factorize SUSY-breaking from the supersymmetric structure of SM
couplings, but more ambitious models frequently connect them; these may or may
not be tied in some deep way. It’s not obvious that fixing the SM dimensionless
parameters and exploiting them to reduce the apparent tuning in SUSY-breaking
parameters is necessarily natural.
• What about the parameterization of the fundamental parameters? For example,
consider sensitivity of the Z boson mass to the top quark Yukawa in the MSSM. The
top pole mass and soft terms of Hu, t˜L, t˜R are weak functions of λt(MGUT ) due to an
approximate IR fixed point of the top Yukawa. If our tuning measure chooses Mt as
a free parameter, then tuning can be large, but if it chooses λt(MGUT ), the tuning is
small. So the tuning depends on the parameterization.
• More distressingly, this sensitivity measure also suggests dynamical solutions could
be unnatural. For example, for the QCD scale, ∆[g3] ∼ ln(M2P /Λ2QCD) ∼ 90 is large.
Similarly, if the electroweak scale is set by some dynamical process, as in dynamical
SSB, we would have ∆[gH ] ∼ 80. Does that mean we should take ∆ ∼ 100 as natural?
Or is that natural for theories with cutoff MP , and SUSY theories with lower cutoff
should have appropriately smaller benchmark sensitivity?
So it is clear that measures of tuning have no intrinsic meaning. They may have some
comparative value in terms of contrasting models, but even this is not absolute. Differ-
ent models perform differently under different measures, and the ordering of naturalness
may change. One frequently comes across models that are constructed using a legalistic
interpretation of naturalness that fails an intuitive sniff test.
I would prefer we exercise our physical judgment when weighing naturalness. Perhaps
a reasonable criterion in the context of model-building is to ask if the IR theory is a generic
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function of the UV parameters, but not commit overly much to specific measures. Another
very nice guide is the naturalness criterion of Veltman [4], which posits that radiative effects
not exceed tree-level effects in size. I will return to this criterion a fair bit. A natural theory
should rest comfortably among these various requirements.
In any event, the idea of naturalness provided several useful guideposts for what IR
physics might entail. For most of the last few decades we developed expectations of the
scale based on the usual ∆ ∼ 10 limit on tuning. SUSY regulates the hierarchy problem,
but in terms of the sensitivity of the electroweak scale to the theory, not all sparticles are
equally important. Thus a supersymmetric theory that naturally explains the weak scale
does not necessarily have all sparticles clustered around the same scale. There are two
direct sources of concern, tree-level contributions and loop-level contributions. Both play
a role primarily through the relation between the weak scale and soft parameters, viz.
m2Z = −2(m2Hu + |µ|2) + . . . (2)
This relation arises from minimizing the Higgs potential in the MSSM at large tanβ, where
the second doublet Hd is essentially a spectator. By inspection, this suggests that m
2
Hu
and
µ are the most important parameters for tuning. This is, however, somewhat misleading.
Indeed, one often hears incorrect interpretations of where (2) comes from and what it
means, so let’s first examine it a bit more carefully. Really, (2) is just coming from the
usual relation between the mass, quartic, and vev of a single Higgs doublet H,
v2 = −m
2
H
2λ
(3)
where in the MSSM, Hu ∼ H at large tanβ, and the quartic is fixed by D-terms as
λ = 18(g
2 + g′2). The physical mass of the doublet Hu is m2H = m
2
Hu
+ |µ|2, where the first
term comes directly from the soft Lagrangian and the second term comes from integrating
out auxiliary components of the Hu chiral multiplet in minimal theories. This makes clear
several salient points:
• It’s not always appropriate to think of the |µ|2 term separately. Really what appears
in (2) is the physical mass of the Higgs doublet. There are theories where non-trivial
dynamics in the hidden sector drives the physical mass of the Higgs doublet Hu to
zero [5, 6, 7]. This manifests itself dynamically as m2Hu ≈ −|µ|2, so that there can
be a natural cancellation between ostensibly large parameters.
• The MSSM is disadvantaged from the perspective of tuning since the quartic is so
small; mZ only appears in (2) because the MSSM quartic is fixed in terms of the
gauge couplings. More generally, though the LHS of (2) should just be read as 4λv2.
Extensions of the MSSM with new contributions to the quartic therefore improve the
tuning of the theory.
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With those caveats in mind, let’s return to the simplest case of the MSSM with no
interesting dynamics at low scales. We can take (2) at face value, and so naturalness
morally crops up in three places:
• The first is the tree-level potential, which involves certain combinations of soft masses
that set the weak scale vev. At tree-level the naturalness of the weak scale implies
something about the soft parameters m2Hu and µ, which itself controls the higgsino
masses. This is usually construed as implying that the µ parameter is small, and
hence higgsinos are light. The sensitivity associated with µ is ∆[µ] ∼ 2µ2/m2Z , so
naturalness suggests µ . 200 GeV and correspondingly light Higgsinos.2
• The second is immediate loop-level corrections. The soft mass parameter m2Hu accu-
mulates one-loop corrections from other soft parameters. A simple heuristic is that
the sparticles are as important as their partner particles for this contribution. By far
the largest is due to the stops, since the top chiral superfields couple most strongly
to Hu, with correction of order [8]
δm2Hu = −
3y2t
4pi2
m2
t˜
ln (Λ/mt˜) (4)
Naturalness required stops ∼ 400 GeV with a cutoff Λ ∼ 10 TeV. Other particles
are also tied to naturalness, though less directly. After the SM top loop, the gauge
and Higgs loops drive the mass corrections, so unsurprisingly the wino and higgsino
corrections play a role, with [8]
δm2Hu = −
3g2
8pi2
(m2
W˜
+m2
h˜
) ln
(
Λ/mW˜
)
(5)
Having already bounded Higgsinos, for winos this translates to mW˜ . TeV. Note that
sbottoms need not be directly connected to naturalness, but since the left-handed
sbottom gauge eigenstate transforms in the same SU(2) multiplet as the left-handed
stop gauge eigenstate, at least one sbottom is typically found in the same mass range
as the stops.
• The third is two-loop corrections, due to the naturalness of other sparticles. Of
course, the degrees of freedom that control the Higgs mass must themselves have
protected masses, so there is a naturalness problem for the remaining states. In
certain cases this is quite stringent, specifically for states with color charge due to
2However, as mentioned above, one could also imagine a theory where m2Hu + |µ|2 ≈ 0 is natural despite
both parameters being large. The simple fact is that in this limit m2Hu + |µ|2 is the physical mass parameter
of the doublet Hu in the symmetric phase. So if some dynamics drives its mass to zero, an apparent
cancellation could be affected. One could alternately introduce effective hard SUSY-breaking terms that
separate the physical Higgsino mass from the µ parameter, in which case small µ would not imply light
Higgsinos. So treat any claim that naturalness demands Higgsinos around 200 GeV with extreme caution!
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the large couplings and Casimirs involved. The stop mass is corrected by the gluino
mass due to the size of g3, so it is hard to separate the gluino substantially from the
stops, with e.g. [8]
δm2
t˜
=
2g2s
3pi2
m2g˜ ln (Λ/mg˜) (6)
which ties mg˜ . 2mt˜. Indeed, these corrections typically tie the masses of the gluino
and all squark flavors quite tightly given even a modest amount of running. This is
illustrated in Fig. 1, which sketches the fine-tuning associated with separating the
stop mass from the gluino mass as a function of the cutoff Λ. In this respect certain
two-loop corrections are more important for naturalness than one-loop.3 Of course,
this also rests on certain assumptions of minimality, about which more in a moment.
Taken together, the implications of naturalness lead to LHC expectations illustrated in
Figure 2.
3Here I am being a little quick. There are two-loop contributions from the gluino directly to the Hu soft
mass that are important for naturalness but should not be interpreted as one-loop renormalization of the
stop mass. However, they are of the same order, and – unlike the above – they do not link the mass scale
of the gluino and stop as tightly.
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Figure 1: Illustration of the correlative effects of RG evolution on the stop mass and gluino
mass given even a small amount of RG evolution from the UV scale Λ. The contours
denote fine-tuning as a function of the stop mass and gluino mass for Λ = 10 TeV (left)
and Λ = 1014 TeV (right). As Λ is increased, RG evolution ties the gluino and stop masses
tightly together, so that separating the mass scales from their RG relation amounts to a
fine-tuning of the UV parameters. Adapted from a figure in [9].
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mZ
TeV
h˜
t˜
W˜ g˜
q˜ ￿˜Naturalness
Figure 2: Cartoon illustration of the mass scales for various sparticles dictated solely by
electroweak naturalness with sensitivity parameter ∆ . 10.
2.2 Parsimony
“Numquam ponenda est pluralitas sine necessitate.”
-William of Ockham
“Patients can have as many diseases as they damn well please.”
-Hickam’s Dictum4
Although not a quantitative principle, parsimony as a qualitative principle has played
a key role in shaping model-building. The MSSM is, after all, the minimal extension of the
Standard Model consistent with supersymmetry; in addition to the extension of all known
particles into their corresponding supermultiplets, it comes with the minimal extension of
the Higgs sector consistent with holomorphy [10]. This ties back to another definition of
naturalness in the literature that predates radiative naturalness of the electroweak scale
– namely, that the number of fundamental parameters should be less than the number of
physical parameters, leading to predictive relations among the physical parameters rather
than ad hoc values [11]. This earlier idea of naturalness arose as a philosophy tied to
spontaneous symmetry breaking, where indeed the many parameters in the broken phase
enjoyed predictive relations arising from the symmetry of the unbroken phase. This is
certainly a well-motivated philosophy, especially in lieu of data. However, there is nothing
intrinsic about the philosophy within the context of a given physical theory. If the combi-
4Thanks to Eva Silverstein for bringing this lovely bon mot to my attention.
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nation of philosophy plus theory is incompatible with observation, we should consider the
consequences of changing philosophies before we completely discard the theory itself.
The application of parsimony as a governing principle has led to a number of heuristic
rules with respect to SUSY:
• No fields are added beyond those required to promote the Standard Model to an
anomaly-free N = 1 supersymmetric gauge theory with chiral matter (hence the
“M” in MSSM).
• The scale of SUSY breaking is high, perhaps tied to physics at the GUT scale or
above. This implies many decades of RG running, so that RG correlations between
parameters are strong.
• The number of fundamental SUSY breaking parameters is small. So there are typi-
cally correlations between parameters even before RG effects are taken into account.
• Colored sparticles are typically heavier than uncolored sparticles due to both of the
above effects.
• The generations of the Standard Model are not differentiated by SUSY breaking, since
any flavor structure in SUSY breaking requires considerable additional structure in
order to remain consistent with limits on FCNC. The simplest models are universal,
and have no bearing on flavor; the only flavor violation arises proportional to Standard
Model yukawa couplings. (This is commonly called the “minimal flavor violation”
(MFV) ansatz [12].)
Taken together, this emphasis on parsimony leads to expectations that
1. Colored sparticles lie at the top of the spectrum
2. The gluino and squarks are always approximately coincidental in mass
3. There is no substantial splitting between sfermion generations, apart from splittings
generated radiatively proportional to the observed Standard Model flavor hierarchy.
If you then take the input from parsimony, the expectations for SUSY at the LHC
change substantially from the expectations driven strictly by naturalness, as illustrated in
Figure 3.
Parsimony also favored four interconnected observations/assumptions:
1. The added matter content (in particular, the added higgsinos) in the MSSM improves
the prediction for gauge coupling unification relative to that of the Standard Model.
Ultimately this is not a terribly precise guide – sparticles at ∼ 10 TeV serve quite
well for unification, and indeed do somewhat better than sparticles at ∼ 1 TeV.
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h˜t˜ W˜
g˜ q˜
￿˜
Parsimony
mZ
TeV
Figure 3: Cartoon illustration of the mass scales for various sparticles dictated by the
combination of parsimony and electroweak naturalness with sensitivity parameter ∆ . 10.
2. The added matter content allows new baryon- and lepton-number violating operators,
leading to prohibitive rates for proton decay. The most parsimonious way of dealing
with these operators up to dimension 5 is to impose R-parity. We’ll discuss this in
more detail later in these lectures.
3. Given the imposition of R-parity, the MSSM could provide a natural dark matter
candidate in the form of the lightest R-odd particle, provided it’s uncharged. As
with unification, this was not a sharp guide to scales, as the mass scale favored by
standard thermal abundance could range as high as several TeV depending on the
DM candidate and the rest of the spectrum.
4. The stability of the lightest R-odd particle guarantees that SUSY decay chains end
with pairs of the LSP which, if neutral, translates into significant missing energy
signatures.
These additional observations have done much to shape our expectations for both spec-
tra and signals at the LHC.
2.3 Summary
So broadly speaking, before the LHC turned on, the above principles and observations
implied
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• Light sparticles, as close to the weak scale as possible. If not all sparticles, at the very
least stops around 400 GeV, higgsinos around 200 GeV, and probably gluinos beneath
a TeV. The presence of colored states guarantees considerable rates of production.
• From parsimony, we typically expect all other colored scalars around the mass of the
stops, perhaps slightly heavier due to RG effects or finite threshold effects.
• Generically lighter uncolored sparticles, especially sleptons, which can be produced
in cascade decays or directly.
• A stable neutral LSP, potentially a good dark matter candidate. Implies SUSY
processes end in the LSP and are therefore distinguished by significant missing energy.
Taken together, these ideas – substantially naturalness and parsimony – told us to
expect a wealth of new particles accessible at even the 7 and 8 TeV collision energies of
Run 1. Some were directly related to naturalness, others tied by implications of parsimony.
In what follows, I will largely address how these expectations have fared in light of
LHC and ancillary data. Subsequently, we’ll turn to ways in which these principles can
be systematically upended. The moral will be that, barring missing subtleties, the LHC
has largely falsified supersymmetric models governed by the twin pillars of parsimony and
naturalness. However, discarding either principle opens a panoply of interesting possibilities
consistent with data.
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Part II
What do we know?
3 Direct Limits
Model e, µ, τ, γ Jets EmissT
∫L dt[fb−1] Mass limit Reference
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q˜)=m(g˜ ) ATLAS-CONF-2013-0471.7 TeVq˜, g˜
MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q˜) ATLAS-CONF-2013-0621.2 TeVg˜
MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q˜) 1308.18411.1 TeVg˜
q˜q˜, q˜→qχ˜01 0 2-6 jets Yes 20.3 m(χ˜01)=0 GeV ATLAS-CONF-2013-047740 GeVq˜
g˜ g˜ , g˜→qq¯χ˜01 0 2-6 jets Yes 20.3 m(χ˜01)=0 GeV ATLAS-CONF-2013-0471.3 TeVg˜
g˜ g˜ , g˜→qqχ˜±1→qqW ±χ˜01 1 e,µ 3-6 jets Yes 20.3 m(χ˜01)<200 GeV, m(χ˜±)=0.5(m(χ˜01 )+m(g˜ )) ATLAS-CONF-2013-0621.18 TeVg˜
g˜ g˜ , g˜→qq(ℓℓ/ℓν/νν)χ˜01 2 e,µ 0-3 jets - 20.3 m(χ˜01)=0 GeV ATLAS-CONF-2013-0891.12 TeVg˜
GMSB (ℓ˜ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg˜
GMSB (ℓ˜ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg˜
GGM (bino NLSP) 2 γ - Yes 4.8 m(χ˜01)>50 GeV 1209.07531.07 TeVg˜
GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ˜01)>50 GeV ATLAS-CONF-2012-144619 GeVg˜
GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ˜01)>220 GeV 1211.1167900 GeVg˜
GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H˜)>200 GeV ATLAS-CONF-2012-152690 GeVg˜
Gravitino LSP 0 mono-jet Yes 10.5 m(g˜ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale
g˜→bb¯χ˜01 0 3 b Yes 20.1 m(χ˜01)<600 GeV ATLAS-CONF-2013-0611.2 TeVg˜
g˜→tt¯ χ˜01 0 7-10 jets Yes 20.3 m(χ˜01) <350 GeV 1308.18411.1 TeVg˜
g˜→tt¯ χ˜01 0-1 e,µ 3 b Yes 20.1 m(χ˜01)<400 GeV ATLAS-CONF-2013-0611.34 TeVg˜
g˜→bt¯ χ˜+1 0-1 e,µ 3 b Yes 20.1 m(χ˜01)<300 GeV ATLAS-CONF-2013-0611.3 TeVg˜
b˜1b˜1, b˜1→bχ˜01 0 2 b Yes 20.1 m(χ˜01)<90 GeV 1308.2631100-620 GeVb˜1
b˜1b˜1, b˜1→tχ˜±1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ˜±1 )=2 m(χ˜01) ATLAS-CONF-2013-007275-430 GeVb˜1
t˜1 t˜1(light), t˜1→bχ˜±1 1-2 e,µ 1-2 b Yes 4.7 m(χ˜01)=55 GeV 1208.4305, 1209.2102110-167 GeVt˜1
t˜1 t˜1(light), t˜1→Wbχ˜01 2 e,µ 0-2 jets Yes 20.3 m(χ˜01) =m(t˜1)-m(W )-50 GeV, m(t˜1)<<m(χ˜±1 ) ATLAS-CONF-2013-048130-220 GeVt˜1
t˜1 t˜1(medium), t˜1→tχ˜01 2 e,µ 2 jets Yes 20.3 m(χ˜01)=0 GeV ATLAS-CONF-2013-065225-525 GeVt˜1
t˜1 t˜1(medium), t˜1→bχ˜±1 0 2 b Yes 20.1 m(χ˜01)<200 GeV, m(χ˜±1 )-m(χ˜01 )=5 GeV 1308.2631150-580 GeVt˜1
t˜1 t˜1(heavy), t˜1→tχ˜01 1 e,µ 1 b Yes 20.7 m(χ˜01)=0 GeV ATLAS-CONF-2013-037200-610 GeVt˜1
t˜1 t˜1(heavy), t˜1→tχ˜01 0 2 b Yes 20.5 m(χ˜01)=0 GeV ATLAS-CONF-2013-024320-660 GeVt˜1
t˜1 t˜1, t˜1→cχ˜01 0 mono-jet/c-tag Yes 20.3 m(t˜1)-m(χ˜01)<85 GeV ATLAS-CONF-2013-06890-200 GeVt˜1
t˜1 t˜1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ˜01)>150 GeV ATLAS-CONF-2013-025500 GeVt˜1
t˜2 t˜2, t˜2→t˜1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t˜1)=m(χ˜01)+180 GeV ATLAS-CONF-2013-025271-520 GeVt˜2
ℓ˜L,Rℓ˜L,R, ℓ˜→ℓχ˜01 2 e,µ 0 Yes 20.3 m(χ˜01)=0 GeV ATLAS-CONF-2013-04985-315 GeVℓ˜
χ˜+1 χ˜
−
1 , χ˜
+
1 →ℓ˜ν(ℓν˜) 2 e,µ 0 Yes 20.3 m(χ˜01)=0 GeV, m(ℓ˜, ν˜)=0.5(m(χ˜±1 )+m(χ˜01 )) ATLAS-CONF-2013-049125-450 GeVχ˜±1
χ˜+1 χ˜
−
1 , χ˜
+
1 →τ˜ν(τν˜) 2 τ - Yes 20.7 m(χ˜01)=0 GeV, m(τ˜, ν˜)=0.5(m(χ˜±1 )+m(χ˜01)) ATLAS-CONF-2013-028180-330 GeVχ˜±1
χ˜±1 χ˜
0
2→ℓ˜Lνℓ˜Lℓ(ν˜ν), ℓν˜ℓ˜Lℓ(ν˜ν) 3 e,µ 0 Yes 20.7 m(χ˜±1 )=m(χ˜02), m(χ˜01)=0, m(ℓ˜, ν˜)=0.5(m(χ˜±1 )+m(χ˜01 )) ATLAS-CONF-2013-035600 GeVχ˜±1 , χ˜02
χ˜±1 χ˜
0
2→W χ˜01Z χ˜01 3 e,µ 0 Yes 20.7 m(χ˜±1 )=m(χ˜02 ), m(χ˜01)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ˜±1 , χ˜02
χ˜±1 χ˜
0
2→W χ˜01h χ˜01 1 e,µ 2 b Yes 20.3 m(χ˜±1 )=m(χ˜02 ), m(χ˜01)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ˜±1 , χ˜02
Direct χ˜+1 χ˜
−
1 prod., long-lived χ˜±1 Disapp. trk 1 jet Yes 20.3 m(χ˜±1 )-m(χ˜01 )=160 MeV, τ(χ˜±1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ˜±1
Stable, stopped g˜ R-hadron 0 1-5 jets Yes 22.9 m(χ˜01)=100 GeV, 10 µs<τ(g˜)<1000 s ATLAS-CONF-2013-057832 GeVg˜
GMSB, stable τ˜, χ˜01→τ˜(e˜, µ˜)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ˜01
GMSB, χ˜01→γG˜ , long-lived χ˜01 2 γ - Yes 4.7 0.4<τ(χ˜01)<2 ns 1304.6310230 GeVχ˜01
q˜q˜, χ˜
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ˜01)=108 GeV ATLAS-CONF-2013-0921.0 TeVq˜
LFV pp→ν˜τ + X , ν˜τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν˜τ
LFV pp→ν˜τ + X , ν˜τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν˜τ
Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q˜)=m(g˜ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq˜, g˜
χ˜+1 χ˜
−
1 , χ˜
+
1 →W χ˜01, χ˜01→ee ν˜µ, eµν˜e 4 e,µ - Yes 20.7 m(χ˜01)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ˜±1
χ˜+1 χ˜
−
1 , χ˜
+
1 →W χ˜01, χ˜01→ττν˜e , eτν˜τ 3 e,µ + τ - Yes 20.7 m(χ˜01)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ˜±1
g˜→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg˜
g˜→t˜1t, t˜1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg˜
Scalar gluon pair, sgluon→qq¯ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon
Scalar gluon pair, sgluon→tt¯ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon
WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale
Mass scale [TeV]10−1 1
√
s = 7 TeV
full data
√
s = 8 TeV
partial data
√
s = 8 TeV
full data
ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013
ATLAS Preliminary∫L dt = (4.6 - 22.9) fb−1 √s = 7, 8 TeV
*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
Figure 4: ATLAS summary of SUSY limits as of SUSY 2013 [13].
So we turned on the LHC with these expectations in mind, and proceeded to look in
all of the channels that seemed motivated.
Historically, SUSY limits were presented in a model-dependent framework. This maxi-
mized sensitivity by leveraging all available signal modes, but made reinterpretation chal-
lenging. One of the great developments at the Tevatron and LHC has been the presentation
of SUSY limits in terms of simplified models, which focus on a single production mode and
a one-step (or occasionally two-step) decay chain to the relevant final states. Of course,
simplified models can’t capture all details, and can’t always be mapped onto the important
features of a given model. But they provide an extremely useful way of setting limits, and
can often be easily re-interpreted. So for clarity, to understand the state of play in these
lectures, I’ll focus on individual topologies in the context of simplified models. We can of
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Summary of CMS SUSY Results* in SMS framework
CMS Preliminary
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For decays with intermediate mass,
Only a selection of available mass limits
*Observed limits, theory uncertainties not included
Probe *up to* the quoted mass limit
Figure 5: CMS summary of SUSY limits as of SUSY 2013 [14].
course improve limits by taking combinations of particles, but individual topologies gives
a nice sense of the irreducible limits on the parameter space.
ATLAS and CMS both provide helpful summary plots that qualitatively represent the
mass reach of limits in various channels, subject to simplifying assumptions about the
masses and branching ratios involved, shown in Figures 4 and 5 [13, 14].
However, mass is not really the most useful variable; there is more or less an even
sensitivity to cross section, with some modulation depending on the final state. Sensitivity
to colored sparticles is on the order of σ · Br ∼ 10 fb. This corresponds to event counts
on the order of 100-200 events so far. Sensitivity to sleptons is slightly better, ∼ few fb,
due to the favorable kinematics of two-body decays to lepton plus MET. Sensitivity to
electroweakinos is of the order σ · Br ∼ 100 fb for decays to W,Z, but back to ∼ 10 fb if
you are given at least two leptons from the gauge bosons or if intermediate sleptons are
involved. This sensitivity degrades in compressed corners of parameter space to σ ·Br ∼ 1
pb. So instead of trying to keep all these mass numbers in your head, you can understand
limits heuristically as the intersection of cross sections with this approximate ballpark
sensitivity. I’ve tried to illustrate this in Fig. 6.
Let’s discuss various states and their relevant search modes in turn.
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Figure 6: Heuristic cross section exclusion. The diagonal lines correspond to the production
cross sections for various SUSY processes, while the horizontal red band corresponds to
10 fb−1± few. For each process, the intersection of the production cross section and
the sensitivity band tells you the current mass scale probed at the LHC. Provided the
spectrum is not compressed, the current sensitivity is σ ·Br ∼ 10 fb across the board with
improvements in distinctive final states, while with compressed MET it’s ∼ 1 pb. Cartoon
inspired by the Prospino2 propaganda plot [15].
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3.1 Stops
The stop is the essential particle for supersymmetric naturalness at the LHC, and so
much effort has focused on constraining stops directly. Their production rates are highly
suppressed relative to other colored sparticles at the LHC, and their final states are often
challenging to distinguish from tt¯ backgrounds. This poses a two-fold challenge for searches
at the LHC.
Direct production of stops proceeds primarily through s-channel gluon and t-channel
stop exchange. Stop production through qq¯ initial states is p-wave suppressed since the
final state needs to carry angular momentum but the stops have no spin. This leads to a
rate ∝ β3 near threshold. The direct production cross section for stops ranges from 10 pb
down to 1 fb at 8 TeV as the stop mass is varied between 200-900 GeV.
On the decay side, there are two primary modes assuming that other colored states are
kinematically decoupled: t˜ → tχ01 and t˜ → bχ± → bW±χ10. LHC searches typically focus
on the semileptonic decay mode, with one W going hadronically and the other leptonically,
plus tagging on the two b jets. This final state is 4j+`+MET , with various search regions
involving 0, 1, 2 b-tags. However, other decay products of the W ’s provide complementary
kinematic coverage, so various final states of the gauge bosons are probed. The current
limits from ATLAS and CMS are shown in Fig. 7, including results from [18, 19, 20, 21,
22, 23, 24, 25, 26, 27, 28] and [29, 30].
Different kinematic search regions are defined by the splittings available. In the case of
t˜ → χ01, one can look for final states for both on-shell and off-shell t. For t˜ → bχ±, LHC
searches currently look for final states with on-shell W . Note that the detailed sensitivity
in the final state depends somewhat on the polarization of the decay modes, which in turn
depends on the properties of the stops (i.e., the admixture of RH and LH states) as well
as the composition of the electroweakinos involved in the decay modes. This changes the
angular distributions of decay products and therefore the efficiency of signal discrimination.
This typically leads to variations on the order of tens of GeV in the limit setting.
The current reach is out to 650 GeV, corresponding to cross sections on the order of
10fb. The generic tuning associated with this bound is about ∆ ∼ 20.
The most challenging region is the one where t˜→ tχ01 dominates but mt˜ ∼ mt +mχ01 ,
in which case the signal is essentially degenerate with tt¯ and very difficult to distinguish
from background. Similar challenges arise for the other topology when mt˜ ∼ mb + mχ±1
and mχ± ∼ m0χ1 , leaving the event with very little MET and soft leptons.
Kinematic reach will simply improve with increased center of mass energy. As for the
squeezed regions, there are a variety of sensitive techniques developed by theorists to probe
the kinematically squeezed regimes and unfavorable combinations of polarizations in the
stops and their decay modes. I won’t discuss those in detail here.
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Figure 7: Current stop limits from ATLAS (top) [16] and CMS (bottom) [17].
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3.2 Sbottoms
Although the sbottom does not necessarily play a strong role in naturalness, the mass of
b˜L is typically close to that of t˜L since the two transform as an electroweak doublet and
must acquire the same soft mass. This does not necessarily imply that sbottoms are in the
same mass region as stops, but in many models they are correlated.
Sbottom searches are essentially the complement of stop searches. The production
modes and rates are similar, with slight relative enhancement due to electroweak correc-
tions. The decay modes are the natural complement, e.g., the primary mode is b˜ → bχ01,
as well as b˜ → tχ± → tW±χ01. One also can look for the process b˜ → bχ02 → bZχ01. This
topology requires an additional neutralino.
The first process b˜ → bχ01 is looked for in purely hadronic states using 1-2 b tags plus
missing energy. The other processes can be efficiently probed using trileptons plus one or
more b-tagged jets, given the high multiplicity of W and Z bosons in the final state. The
primary decay mode has four W bosons, while the alternate decay mode has two Z bosons,
and in conjunction with b tags this provides considerable sensitivity. Current CMS limits
from [31, 32] are shown in Fig. 8; ATLAS limits are similar.
Ultimately, the mass reach in these various channels is comparable to that of stops.
This sensitivity corresponds to cross sections on the order of 10fb. There is no direct
tuning associated with this, though one expects b˜L ∼ t˜L.
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Figure 10: Upper limit on cross section at 95%CL as a function ofmq˜ ormg˜ andmLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1σ (thin lines) expected exclusion regions.
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Figure 11: The 95% CL upper limits on the model B1 scenario cross sections (fb) derived using
the CLs method. The limits are computed for the following scenarios within the model B1:
(a) m￿χ01 = 50 GeV, (b) m￿χ01/m￿χ± = 0.5 or (c) m￿χ01/m￿χ± = 0.8. The solid (black) contours show
the observed exclusions assuming the NLO+NLL cross sections, along with the ±1 standard
deviation theory uncertainties. The dashed (red) contours present the corresponding expected
results, along with the ±1 standard deviation experimental uncertainties. For the scenario (b)
the deviation of the observed exclusion from the expected one is evaluated to be at the level of
two standard deviations experimental uncertainties.
Figure 8: Current sbottom limits from CMS [31, 32]; ATLAS limits are similar.
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3.3 Gluinos
Gluinos are one of the driving forces of supersymmetric signals at the LHC, given their
considerable production cross section and radiative connection to squark masses. The pair
production cross section is approximately two orders of magnitude larger than that of stops,
ranging from 10pb -1fb at 8 TeV for gluinos between 400 and 1300 GeV.
First, we can consider “pure” gluino limits, under the assumption that squarks are
significantly heavier. In this case, the gluino decay occurs primarily into three-body final
states involving off-shell intermediate squarks, g˜ → qq¯χ01. If the lightest squark is third-
generation, then the quarks are predominantly third-generation, g˜ → tt¯χ01 or g˜ → bb¯χ01.
Representative limits from CMS are shown in Fig. 9 [33, 34]; ATLAS limits are similar, with
somewhat greater mass reach due to differences in the search procedure and background
characterization. Note that these limits assume the decays of the gluino are prompt. If the
intermediate squarks are sufficiently heavy, the gluino may become long-lived on collider
timescales. In this case it forms a quasi-stable bound state, called an R-hadron, with
correspondingly spectacular signatures that are probed in different ways.
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Figure 10: Upper limit on cross section at 95%CL as a function ofmq˜ ormg˜ andmLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1σ (thin lines) expected exclusion regions.
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Figure 9: Current CMS limits on gluinos [33, 34]; ATLAS limits are similar.
In the case of decays proceeding through light quarks, the final states are distinguished
by high jet multiplicity, & 4j, and in the case of decays through heavy flavor, this jet
multiplicity is supplemented by a large number of b-tags. Searches are simply designed for
missing energy and high jet multiplicity. At low mass, the cross section is sufficiently large
that even reduced amounts of MET provide sensitivity, but at higher masses this sensitivity
plateaus. For the generic light-flavor case, limits extend out to ∼ 1 TeV. Limits are similar
for the heavy flavor case with tops, albeit with reduced sensitivity in kinematically squeezed
regimes, but improvements when searching for leptons. Leptonic final states have reach out
to ∼ 1.2 TeV. The limits for heavy flavor with bottoms extend out to ∼ 1.2 TeV, since the
22
kinematics are more open and the b-tags improve efficiency. This sensitivity corresponds
to cross sections on the order of 10 fb, and somewhat smaller for heavy flavor.
3.4 Squarks
First- and second-generation squarks are a different matter entirely compared to stops and
bottoms, since their production cross sections benefit from direct qq¯ contributions. The
squark pair production cross section is comparable to the gluino pair production cross
section.
The primary mode here when other states are decoupled is q˜q˜ → qχ01qχ01, and so
efficiently searched for in final states with ≥ 2 jets and MET. Direct limits, shown in
Fig. 10 [34], lie around 800 GeV at both ATLAS and CMS, a bit weaker than 10fb due
to the low-multiplicity final state. There is no direct tuning associated with this limit.
However, if all squarks were around the same mass, it would imply a tuning on the order
of ∆ ∼ 30.
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Figure 10: Upper limit on cross section at 95%CL as a function ofmq˜ ormg˜ andmLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1σ (thin lines) expected exclusion regions.
Figure 10: Current CMS squark limits [34]; ATLAS limits are similar.
Also of interest are scenarios where squarks and gluinos are of comparable mass, as is
ty ically the case in mSUGRA-inspired scenarios. In this case, squark-gluino associated
production is available, with a cross section nearly an order of magnitude larger than gluino
pair production. This added source of cross section, combined with production in various
modes and the multiplicity of available final states, leads to sensitivity substantially above
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separate squark or gluino scenarios. Current ATLAS limits on a squark-gluino simplified
model are shown in Fig. 11 [35].
If squarks, including stops, were all of the same mass and similar in mass to the gluino,
this would imply a tuning of ∆ ∼ 100. Thus we begin to see clearly how spectra dictated
by parsimony are under increasing tension from the LHC.
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: mχ˜01 = 0, 395 and
695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1σ experimental and background-theory uncertainties on the mχ˜01 = 0 limit. Observed limits are
indicated by solid curves. The dotted lines represent the mχ˜01 = 0 observed limits obtained by varying the
signal cross-section by the theoretical scale and PDF uncertainties. Previous results for mχ˜01 = 0 from
ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.
In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.
In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate χ˜±1 to two
quarks, a W boson and a χ˜01, and pair produced light squarks each decaying via an intermediate χ˜
±
1 to
a quark, a W boson and a χ˜01. Results are presented for models in which either the χ˜
0
1 mass is fixed to
60 GeV, or the mass splitting between the χ˜±1 and the χ˜
0
1, relative to that between the squark or gluino
and the χ˜01, is fixed to 0.5.
In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan β = 10, µ > 0, m2H2 = 0, and A0 chosen to maximize the
mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2H1 are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.
In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and χ˜01.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the
context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological
14
Figure 11: Current ATLAS limits on a squark-gluino simplified model [35]. CMS limits
are imilar.
3.5 Electroweakinos
One of the most impressive and exciting developments (to me, at least) has been the
improving sensitivity to pure electroweak production of electroweakinos, with processes
such as χ02χ
± → Zχ01Wχ01 beginning to exceed LEP limits in mass reach. These searches
are challenging due to the substantial irreducible background from SM diboson production,
but can be effectively searched for using leptonic final states and refinements involving the
flavor and charge properties of the leptons. The most effective channels are trileptons
including one opposite-sign, same-flavor pair reconstructing a Z boson, as well as 2`2j
final states where the leptons again reconstruct a Z, with limits shown in Fig. 12 [36].
Sensitivity to WZ + MET is of order 100 fb, but including leptonic BR, sensitivity
is of order 10 fb on par with other searches. A illustrated in Fig. 12, this pushes out to
∼ 325 GeV, which entails a tuning of ∆ ∼ 25.
One can also search for more optimistic scenarios where the electroweakinos decay
through sleptons, yielding additional leptons in combinations that populate channels with
smaller SM backgrounds. In general, trilepton final states without a Z boson are relatively
24
8.4 Limits on chargino and slepton pair production 25
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Figure 20: Interpretation of the dilepton WZ + EmissT and three-lepton results. The dilepton ob-
served, three-lepton observed, their combination, and combined expected contours are shown.
WZ/ZZ+ EmissT analysis of Section 6 to restrict the GMSB scenario. The results are displayed
in Fig. 21.
8.4 Limits on chargino and slepton pair production
Figure 22 shows limits on the chargino and slepton pair-production cross section times branch-
ing ratio for the processes of Fig. 3. The limits for chargino-pair production are set using both
the opposite- and same-flavor channels discussed in Section 7, while the limits for slepton pair
production are set using only the same-flavor channel.
9 Summary
This note presents searches for supersymmetric charginos, neutralinos, and sleptons. The
searches explore final states with three leptons, four leptons, two same-sign leptons, two res-
onant opposite-sign-same-flavor leptons plus two jets, and two non-resonant opposite-sign
leptons. Figure 23 displays four of the results presented above on a single plot. No excesses
above the standard model expectations are observed. The results are used to exclude a range of
chargino, neutralino, and slepton masses, where we assume these particles have large branch-
ing fractions to leptons and vector bosons.
The results improve on the previous CMS search for electroweak supersymmetry [8]. This
analysis also presents the first interpretation from CMS of models with slepton and chargino
pair production.
Figure 12: Current electroweakino limits from CMS [36]; ATLAS results are similar.
rare in the SM, so sensitivity to these scenarios is good and the cross section reach is at
the ∼ few fb level. This is illustrated cleanly in Fig. 13 [36].
8.3 Limits on a Z-enriched GMSB model 23
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Figure 16: The shading in them￿χ01 versusm￿χ02 (= m￿χ±1 ) plane indicates the 95%CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the three-lepton search. The contours bound the mass regions ex-
cluded at 95% CL for a branching fraction of 50%, as appropriate for the visible decay products
in this scenario. The contours based on the observations are shown; in addition, the expected
bound is shown.
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Figure 17: The shading in them￿χ01 versusm￿χ02 (= m￿χ±1 ) plane indicates the 95%CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the combined analysis of the three-lepton search and the same-sign
dilepton search. The contours bound the mass regions excluded at 95% CL for a branching
fraction of 50%, as appropriate for the visible decay products in this scenario. The contours
based on the observations are shown for the combination; in addition, the expected combined
bound is shown. Other contours show separate mass exclusions for the three-lepton search and
the same-sign dilepton search alone.
Figure 13: Current CMS electroweakino limits for spectra with light sleptons [36]; ATLAS
results are similar.
The c nsider ble hole in cur ent searches at the LHC s o the pa r production of
ch rgin s [37]. Production and decay of χ+χ− →W+W−+χ01χ01 is extremely challenging
to search for given the large irreducible WW background at the LHC. At present the only
genuine direct limit is set by ATLAS, which is 2− 3 times the theory cross section below
200 GeV and then worsens to 5 times the theory cross section by 250 GeV due to the falling
rate [38]. This is the one final state for which limits have not improved relative to LEP.
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Figure 22: Limits on chargino pair production (left) and slepton pair production (right) cross
section times branching ratio for charginos and sleptons decaying as in Fig. 3.
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Figure 14: Left: Current CMS limits on pure left-handed slepton pair production [36].
Right: Current ATLAS limits on pure right-handed slepton pair production [38].
Amazingly, we now have direct limits on the pair production of sleptons purely through
electroweak processes, now considerably exceeding the LEP direct limit. As you can see
in Fig. 14 [36], the latest CMS results can exclude left-handed first- and second-generation
sleptons out to 275 GeV, where the pair production cross section is of order ∼ few fb.
There is no tuning associated with this. Note that these exclusions are only for left-handed
sleptons; right-handed sleptons possess much smaller production cross sections and are
correspondingly more challenging to probe at this stage. However, impressively, ATLAS
has recently set limits on the right-handed case [38] by maximally leveraging the stransverse
mass variable mT2. This demonstrates the considerable power of discriminating kinematic
variables for such clean final states.
You might think that you could leverage the slepton final state (OSSF lepton pair
plus MET) to set competitive limits on chargino pair production, but that is far from
true. For instance, in the CMS slepton search, sensitivity to slepton pair production is
obtained by using a variable called MCT⊥, a variable that peaks around the mass difference
between a visible parent and invisible LSP in pairwise two-body decays. This variable
allows discrimination from the WW background. However, if the signal is W -like, as in
the case of charginos, then MCT⊥ is not a useful variable and sensitivity vanishes.
3.7 Additional Higgs states
The MSSM is a well-known example of a 2HDM with couplings fixed by holomorphy and
gauge invariance to be Type 2. This suggests that the light CP-even state we’ve discovered
is not necessarily aligned exactly with the EWSB vacuum condensate. I’ll discuss the
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implications of Higgs couplings later, but for now we can discuss the implications of direct
searches for the extra Higgs states. There is the CP even neutral Higgs H, the pseudoscalar
A, and the charged Higgs H±; these typically have comparable masses assuming some
parametric separation from the state at 125 GeV.
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Figure 15: Current MSSM Higgs limits from CMS [39]; ATLAS limits are similar. The
“LEP” exclusion is an artifact of the MSSM prediction for the Higgs mass, rather than a
direct search limit, and shouldn’t be taken too seriously.
The strongest limits by far come from decays of all Higgs states to ττ . Current limits are
shown in Fig. 15 [39]. The search combines ditau signals from h,H,A and gains sensitivity
at large tanβ where the production modes are enhanced both by bb contributions to gluon
fusion and also bbΦ associated production. There is not much advantage garnered from the
actual enhancement of the Φττ coupling, since the Φbb coupling is similarly enhanced and
therefore the total width grows in proportion to the partial width of interest. Thus the
high tanβ sensitivity comes predominantly from enhancement of the production mode.
Historical prejudice disfavored low tanβ due to the LEP limit on the Higgs mass. But,
as we’ll discuss later, the observed Higgs mass already favors additional mechanisms to
enhance the Higgs mass. In my mind, this means we shouldn’t take the “LEP exclusion”
region of this plot too seriously, and should be open to signals at low tanβ as well. (To
be clear, we should take the LEP exclusion on physical Higgs states seriously, but should
remain open to probing the phenomenology of scenarios whose signals populate the low
tanβ region and require physics beyond the MSSM to explain the observed Higgs mass.)
At low tanβ the decays of heavy scalars to V V and hh, Zh become important. While the
decay of a heavy Higgs into vectors has long been studied, quite recently CMS presented the
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first limits on hh and Zh in a general 2HDM framework using multi-lepton final states [40].
A cartoon projection of sensitivity in these additional channels in the MSSM parameter
space using the current data set is shown in Fig. 16, adapted from [41].
Figure 16: Projected MSSM Higgs limits using the V V,Zh, hh, and tt¯ final states with
current data. Cartoon of a figure appearing in [41].
3.8 GMSB
So far our discussion has focused on simplified models with some SUSY production mode
followed by prompt decay to a neutralino and SM states. Of course, there are broad classes
of models where the final decay occurs not to a neutralino, but to the goldstino/gravitino.
Although I don’t have time to do the subject justice, it’s worth briefly mentioning the state
of gauge-mediated models, which are distinguished by having a gravitino LSP. This raises
several prospects of interest. One is that the NLSP, if a neutralino, can decay to the LSP by
emitting a photon, opening a final state not frequently exploited in other searches. Another
is that the NLSP can be long-lived, giving rise to displaced vertices or charged tracks. At
present many of these searches present only 7 TeV data. Limits are consistent with searches
in other channels, provided one accounts for the reduced integrated luminosity– namely
gluino mass limits between 600-1000 GeV depending on the final state. Similarly, long-
lived stau limits are out to 400 GeV, and long-lived neutralino limits out to 230 GeV. It
will be interesting to see how these limits progress as GMSB searches are updated with the
full data set. Of course, in many GMSB scenarios the decay to the gravitino is prompt,
and most search limits discussed above can be directly applied.
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3.9 Summary
Across the board, both ATLAS and CMS have sensitivity to sparticle production at the
level of σ · Br ∼ few-ten fb at 8 TeV. This translates into ∼ TeV limits on light squark
flavors and gluinos, ∼ 650 GeV limits on third-generation squarks, ∼ 350 GeV limits on
electroweakinos without sleptons (as much as 500 GeV limits including light sleptons),
and ∼ 250 GeV limits on sleptons. If for some reason stops are distinguished from other
squarks, the irreducible tuning is ∆ ∼ 40 and barely consistent with mg˜ ∼ 2mt˜. In scenarios
with light-flavor squarks and gluinos of comparable mass, the reach approaches nearly 2
TeV. If all squarks, including stops, are of similar mass, the tuning worsens by an order
of magnitude. The only marked hole is in chargino pair production, for which there is no
limit improving upon LEP.
All of these limits assume kinematically available decays to a χ01 whose mass is well-
separated from the mass of the decaying particle. In compressed regions, the sensitivity
worsens to cross sections on the order of ∼ pb, and tighter relations erode this sensitivity
entirely. However, there is generally no symmetry reason for such exact degeneracy in all
appreciably-produced states. We’ll discuss means of exploiting these caveats later.
If we have a reason for stops to be parametrically light, then we are not in terrible
shape in terms of naturalness. However, this requires decoupling the other squarks. To
determine whether this is cause for discomfort, it’s important to build models. Models
provide a measure for whether it is generic to populate such parameter space.
4 Indirect Limits
Of course, there are various limits on the sparticle spectrum coming from indirect limits
as well. Some of these limits have been improved directly by LHC measurements that
have surpassed the sensitivity of previous indirect measurements, but many have remained
essentially unchanged during the LHC era. Since these lectures are focused on the conse-
quences of the LHC for supersymmetry, I’ll focus strictly on new results arising directly
from the LHC or limits that have been substantially improved by other experiments in the
LHC era – namely, measurements of Bs → Xsγ and Bs → µ+µ−. I will assume that the
general state of limits on flavor-violating soft terms from measurements of FCNC is already
familiar. Crudely speaking, in the presence of flavor violation in the soft mass spectrum
involving the first and second generation, stringent limits on flavor-changing neutral cur-
rents (particularly K0− K¯0 mixing) constrain new scalars to live above ∼ few tens of TeV
in the absence of CP-violating phases, or above ∼ few hundreds of TeV in the presence of
such phases. If flavor violation is concentrated in heavy flavor, such that all flavor-violating
processes go through the third generation, the limits are ameliorated by roughly an order
of magnitude. In any event, these precise limits have remained unaltered in recent years,
and are discussed in depth elsewhere.
Sample diagrams of SUSY processes contributing to Bs → Xsγ, µ+µ− are shown in
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Figure 17: Sample diagrams for SUSY processes contributing to Bs → Xsγ, µ+µ−.
Fig. 17, while limits for various benchmark spectra are shown in Fig. 18. The measurement
of Bs → Xsγ places an interesting constraint on various SUSY scenarios that grows more
constraining as time goes on. The experimental measurement and SM NNLO prediction
yield [42]
Br(B → Xsγ)exp = (3.43± 0.22)× 10−4 (7)
Br(B → Xsγ)SM = (3.15± 0.23)× 10−4 (8)
and the room allowed in the ratio is of order 0.18± 0.13, limiting new physics to approx-
imately 30% of the SM contribution. This constraint has tightened in recent years due
to improvements in both the measurement and the SM theory prediction. Since the SM
contribution is already a one-loop process, this translates into a stringent constraint on
new flavor violation – if additional physics contributes starting at one loop, there must be
small couplings, mass decoupling, or accidental cancellations to ensure that it remains a
fraction of the SM contribution.
In SUSY, it’s well-known that there is a contribution to B → Xsγ from light mixed
stops and light higgsinos that is tanβ enhanced, and constrains Atµ tanβ/m
2
t˜
< few. This
is particularly interesting given the emphasis on the lightness of both stops and higgsinos
from naturalness considerations. However, the onward march of SUSY limits alleviates
any possible tension; for stop masses consistent with current limits, this does not place
a qualitatively new constraint, though it is a limit for scenarios that squash direct limits
using kinematics.
Of course, there are also familiar contributions to B → Xsγ coming from the 2HDM
sector of the MSSM. In particular, there is a contribution from loops involving the charged
Higgs and top quark; these additional contributions can interfere destructively with the
stop-higgsino contribution. Absent cancellations, the 2HDM contributions on their own
require mH± & 300 GeV, which helps to squash some of the low-tanβ window that would
otherwise still be allowed by direct 2HDM searches.
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FIG. 9. Constraints in theMA–tanβ plane from theB → Xsγ
decay. The orange solid, dotted, dashed, and dash-dotted
contours correspond to scenarios (a), (b), (c), and (d) as de-
scribed in the text. The gray region is excluded by direct
searches of MSSM Higgs bosons in the H/A → τ+τ− chan-
nel.
The first term in (49) corresponds to contributions from
a charged Higgs loop. The loop functions, h7,8 depend
on the ratio of the top mass and the charged Higgs
mass, rt = m
2
t/M
2
H± , and for rt = 1 are given by
h7(1) = −7/18 and h8(1) = −1/3. Their full analytical
expressions can be found in the appendix. The second
term in (49) arises from neutral heavy Higgs loops. It
is strongly suppressed by the bottom quark mass and is
only important for very large tanβ. The loop functions,
z7,8, depend on the ratio of the bottom mass and the
charged Higgs mass and since m2b/M
2
H± ￿ 1, they are
very well approximated by z7 = − 118 and z8 = 16 .
Contributions from Higgsino–stop, gluino–down
squark, and Wino–down squark loops are shown
in (50), (51), and (52), respectively. We do not write the
typically negligible bino contributions.
For a degenerate SUSY spectrum with mass m˜, the
loop functions entering the Higgsino and gaugino contri-
butions reduce to
f H˜7 →
5
36
1
m˜4
, f g˜7 → −
2
27
1
m˜4
, fW˜7 → −
7
24
1
m˜4
,
f H˜8 →
1
12
1
m˜4
, f g˜8 → −
5
18
1
m˜4
, fW˜8 → −
1
8
1
m˜4
.
Their full analytical expressions are collected in the ap-
pendix. In contrast to the Higgs penguin contributions
to Bs → µ+µ−, the SUSY loop contributions to b→ sγ
do decouple with the SUSY scale.
The first terms in (51) and (52) correspond to 1-loop
flavor changing gaugino contributions. They vanish for
mQ3 = mQ, i.e. if there is no splitting between the
first two and the third generations of left-handed squark
masses. In the presence of a splitting, the parameter
ζ again parametrizes the alignment of the left-handed
squark mass matrix. As mentioned before, if the splitting
is generated by RGE running we expect 1/2 < ζ < 1.
The second terms in (51) and (52) are formally 2-loop
contributions but they can be relevant for large tanβ.
They do not vanish for degenerate masses [110, 143].
Similarly to Bs → µ+µ−, the MSSM contribution to
B → Xsγ is a sum of several terms that depend sensi-
tively on many parameters, particularly the signs of µ
and At.
In Fig. 9, we show in orange the constraints from
B → Xsγ in the MA–tanβ plane obtained analogous
to the Bs → µ+µ− constraints discussed previously. The
plots of Fig. 10 show the B → Xsγ constraints in the
plane of the third generation squark masses and the Hig-
gsino mass parameter µ, again in complete analogy to
the Bs → µ+µ− constraints.
We can again see the connection between the con-
straints in the tanβ vs. MA plane, given in Fig. 9, and
the µ vs. mQ3 plane, given in Fig. 10. The squark masses
are fixed to 2 TeV in Fig. 9. This causes the stop-chargino
contribution to be essentially negligible, and hence we
are only constrained by the Higgs contribution in the
low MA and large tanβ regions. For heavy squarks and
low tanβ, the bound on the charged Higgs mass is ap-
proximately independent of the other SUSY parameters
and is given by MH± ￿ 300 GeV. For large tanβ, the
resummation factors in (49) become relevant. The most
important effect arises from the factors ￿￿0 and ￿b in the
first term in (49). For negative µ, ￿￿0 and ￿b are nega-
tive and therefore the bounds become stronger for larger
tanβ in scenario (c). For positive µ (scenarios a, b, and
d) instead, the bounds are relaxed for large tanβ. As the
dominant gluino contribution to ￿￿0 and ￿b grows with µ
the B → Xsγ constraint is weakest in scenario (b) that
has the largest µ = 4 TeV. For the heavy squark masses
chosen in Fig. 9, the direct searches for MSSM Higgs
bosons give stronger constraints compared to B → Xsγ
except for small values of tanβ.
In the plots of Fig. 10, the variation of the squark
masses allows the stop-chargino contribution to become
important for small mQ3 , demonstrating that the tanβ
vs. MA projection insufficiently illustrates the B → Xsγ
constraint. Partial cancellations are again in effect, and
we describe the relative signs of the various contributions
in the following. Apart from extreme regions of parame-
ter space, the charged Higgs contribution interferes con-
structively with the SM and enhances BR(B → Xsγ).
However, for the case shown, MA = 800 GeV, this con-
tribution is small. For positive (negative) (µAt), the Hig-
gsino loop contribution come with same (opposite) sign
with respect to the SM. Among the gaugino contribu-
tions, the dominant one is typically the 1-loop gluino con-
tribution. If a splitting in the left-handed squark masses
is induced radiatively, its sign depends, for positive M3,
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The SM loop function Y0 depends on the top mass and
is approximately Y0 ￿ 0.96. Note that the MSSM con-
tributions to Bs → µ+µ− do not decouple with the scale
of the SUSY particles, but with the masses of the heavy
scalar and pseudoscalar Higgs bosonsM2H ￿M2A. Due to
the strong enhancement by tan3 β, the large tanβ regime
of the MSSM is highly constrained by the current exper-
imental results on BR(Bs → µ+µ−). We remark, how-
ever, that ￿FC in the numerator of (45) is a sum of several
terms (see (23)) each of which depend strongly on several
MSSM parameters. In addition, cancellations among the
different terms can occur in certain regions of parameter
space, rendering the Bs → µ+µ− constraint very model
dependent, even in the restrictive framework of MFV.
Additional contributions to Bs → µ+µ− can arise from
charged Higgs loops [187]. They interfere destructively
with the SM contribution and scale as (tanβ)2/M2H± .
Typically, their effect is considerably smaller compared
to the SUSY contribution in (45).
We stress that there is a simple mathematical lower
bound of RBsµµ = 1/2 in (44) that is saturated for
A = 1/2. In this case, the SUSY contribution partially
cancels the SM amplitude, but simultaneously generates
a non-interfering piece hat c nnot be can eled. This
lower limit provides a significant threshold for experi-
ments searching for BR(Bs → µ+µ−): not only is the
SM branching fraction a meaningful value to test experi-
mentally, but the potential observation of the branching
fraction below one half of the SM value would strongly
indicate NP and imply departure from the MSSM with
MFV. Note that the current 2σ lower bound from LHCb
on the branching ratio is below 1/2 of the SM value and
therefore does not lead to constraints in our framework,
yet.
In Fig. 5, we show the constrain s from Bs → µ+µ− in
the MA–ta β plane. The red solid, d tted nd d hed
contours correspo d to scen ios (a), (b), and (c) of
Tab. I. The dash-dotted con ur corresponds to scen rio
(d), with all MSSM par meters as for the solid con-
tour, but ith a negative sign for the trilinear coupling.
For comparison, the constraints from direct searches are
again shown in gray. As expected, we observe a very
strong dependence of the Bs → µ+µ− bounds on th
choices of the r maining MSSM parameters, particularly
the sign of µAt. Note that in the onsidered scenarios,
we assume degenerate squarks such that the only term
entering ￿FC is from the irreducible Higgsino loop contri-
bution, ￿H˜b , whose sign is dictated by µAt. For positive
(negative) µAt the NP contribution interferes destruc-
tively (constructively) with the SM amplitude. Since the
lower bound on BR(Bs → µ+µ−) from LHCb is still be-
low half of the SM value, destructively interfering NP is
much less constrained than constructively interfering NP.
The plots of Fig. 6 show in red the constraints from
Bs → µ+µ− in the plane of the third generation squark
masses and the Higgsino mass parameter µ. The gray
horizontal band corresponds to the constraint from di-
rect searches of charginos at LEP that exclude |µ| ￿
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FIG. 5. Constraints in the MA–tanβ plane from the Bs →
µ+µ− decay. The red solid, dotted, dashed and dash-dotted
contours correspond to scenarios (a), (b), (c) and (d), as de-
scribed in the text. The gray region is excluded by direct
searches of MSSM Higgs bosons in the H/A → τ+τ− chan-
nel.
100 GeV [184, 185]. In these plots, we fixMA = 800 GeV,
tanβ = 45 (fully compatible with the B → τν constraint
and not yet constrained by direct searches), and gaugino
masses with 6M1 = 3M2 = M3 = 1.5 TeV. As in all the
other plots, we vary the trilinear couplings At = Ab = Aτ
throughout the plot such that the lightest Higgs mass is
Mh = 125 GeV. The values for At are indicated in the
plots by the vertical dotted contours. The two plots cor-
respond to positive and negative values of the A-terms.
In the gray region in the lower left corners of the plots, the
sbottom loop corrections to the lightest Higgs mass be-
come so large that the lightest Higgs mass is always below
Mh < 125 GeV for any value of At, taking into account
a 3 GeV theory uncertainty. We checked that varying
the light Higgs mass between 122 GeV < Mh < 128 GeV
can change the values of At by around 25% in each di-
rection and therefore can affect the constraints derived
from Bs → µ+µ− at a quantitative level. However, the
qualitative picture of the constraints and the interplay
of the SUSY contributions to Bs → µ+µ−, as discussed
below, are unaffected by this variation.
The solid contours are obtained under the assumption
that the masses of the first two generation squarks are
equal to the third generation, while for the dashed and
dotted contours we assume the first two generations to
be heavier by 50%. For the dashed contours, we as-
sume the splitting for the left-handed squarks to be fully
aligned in the up-sector, such that gaugino-squark loops
also contribute to ￿FC with ζ = 1 (see (23) and (25)).
We set ζ = 0.5 for the dotted contours, such that only
Figure 18: Left: Limits from b → sγ on charg d Higgs mass, assuming no light stop
cancellation. Right: Limits from Bs → µ+µ−. The various scena ios c rrespon to different
choice of µ with At fixed to explain the Higgs mass, and all sfermions at 2 TeV. The most
aggressive limits come when µ and At have relative opposite sign due to constructive or
destructiv co tributions from various MSSM processes. Figures from [42].
In additio to B → Xsγ, there r also limits coming from two-sided measurem nt of
Bs → µ+µ−, which has improve substantially during the LHC era. There i a leading
SUSY contribution to this process fro penguin d agrams involving the exchange of heavy
H and pseudoscalar A, using their one-loop flavor-changing b → s couplings. These con-
tributions ecouple with mA but scale as tan
3 β, placing an interesting constraint on large
tanβ. However, the sensitivity of these contributions to the details of the 2HDM sector
and SUSY p rameters – and the fre dom to decouple the extra Higgs degrees of freedom
without substantially impairing naturalness – means that there is no irreducible limit on
SUSY m dels coming from Bs → µ+µ−.
Finally, a word on flavor violation in the top ector. Historic lly, flavor violatio in-
volving the t p quark is poorly c nstrained, given the fac that the top decay before
hadronizing (so that detailed studies of meson oscillation that set such stringent FCNC
limits involving lighter flav rs are not possible, though certain c mbinations of flavor-
violating couplings involving the top quark can be probed through D meson oscillations)
and t e relatively small number of op quarks produced pri r to turning on the LHC.
However, the LHC is a top factory, so one might hope that limits on top FCNC coming
from the LHC mi ht provide a qualitatively new pro e of SUSY FCNC. However, current
sensitivity is at the level of ∼ 0.1%, with anticipated sensitivity to the level of ∼ 0.01%,
with SUSY signals starting several orders of magnitude below this level. At this stage,
LHC probes of top flavor violation say nothing interesting about SUSY parameter space.
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4.1 Summary
The state of indirect limits has not changed radically in the LHC era. Arbitrary SUSY
flavor violation requires sparticles above 10 TeV without CPV phases, and above 100 TeV
with CPV phases. This suggests either that flavor violation is small or the mass scale is in
the 10-100 TeV range.
B-physics constraints limit certain scenarios with light stops, providing a potentially
useful handle if light stops are not kinematically obvious at LHC. At present, however, the
new measurement of Bs → µ+µ− does not place a qualitatively better limit than direct
searches for additional Higgs states at LHC. New measurements of top flavor violation at
the LHC do not yet play a useful role.
5 Implications of the Higgs
Considering that the Higgs was the whole reason for the hierarchy problem – and the first
triumphant discovery at the LHC – it’s crucial to evaluate the implications of the Higgs
discovery for SUSY models. Generally, it seems the state we’ve found is an elementary
scalar, which is favorable for SUSY – it’s not transparently a composite of some strong
dynamics. Thankfully, we can learn a great deal about possible UV physics from both the
mass and couplings.
5.1 Mass
To a certain extent, the mass of the Higgs is the most important variable with respect
to SUSY parameter space. At one loop in the decoupling limit, the mass of the lightest
CP-even Higgs is
m2h = m
2
Z cos
2(2β) +
3m4t
4pi2v2
[
log
(
m2S
m2t
)
+
X2t
m2S
(
1− X
2
t
12m2S
)]
(9)
where Xt ≡ At−µ cotβ and m2S = mt˜1mt˜2 . The first loop correction should be thought
of as the usual logarithmic correction, and the second as finite threshold corrections. Both
are corrections to the quartic coupling, since I have fixed the Higgs mass in terms of the
quartic and the vev.
If radiative effects are unimportant, then SUSY predicts mh ≤ mZ , in tension with
observation. In fact, observationally we have mh ∼
√
2mZ , or m
2
h ∼ 2m2Z . This implies
the corrections to the tree-level expression must be as important as the tree-level value
itself. If the corrections are radiative, it certainly runs up against the Veltman definition
of naturalness.
There are essentially four ways to accommodate the observed Higgs mass:
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Figure 19: The region accommodating the observed Higgs mass in the MSSM as function
of stop mass scale and tanβ. The red band corresponds to zero stop mixing, while the
blue band corresponds to maximal stop mixing. Adapted from a figure in [9].
1. Leverage the logarithm by making mS large. The region accommodating the observed
Higgs mass as a function of the stop mass scale is shown in Fig. 19. Without sub-
stantial stop mixing, reproducing this requires mS & 4 TeV and points to a mini-split
spectrum, about which more later. If this is the reason for the Higgs at 125 GeV,
naturalness is imperiled, with a tuning on the order of ∆ & 1000.
2. Leverage the threshold corrections by living close to maximal mixing, Xt ≈ ±
√
6mS.
The consequences of stop mixing for the Higgs mass are illustrated in Fig. 20, adapted
from a figure in [43]. This allows mS ∼ TeV, but requires a close tuning of Xt relative
to mS . Moreover, in calculable models such as gauge mediation, generating such large
A-terms without increasing the fine-tuning of the theory is prohibitive.
To be more specific, in gauge mediation the A-terms are zero at one loop at the
messenger scale, which is naturally problematic for maximal mixing. One option is
to generate sufficiently large A-terms by substantial running, in which case they are
driven to be large and negative primarily via the gluino mass [43]:
dAt
dt
∼ y2tAt + g23M3 (10)
The disadvantage here is that the gluinos must be quite heavy – at least 2.5 TeV for
GUT-scale messengers – and the messenger scale generally quite high.
Alternately, nonzero messenger-scale masses can be generated at one loop by coupling
MSSM superfields directly to messengers. In order to avoid potentially problematic
flavor violation, the MFV way to do this is by coupling the Higgs doublets to messen-
gers via couplings of the form λuHuΦiΦ¯j . The problem is that while this generates
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Figure 20: The region accommodating the observed Higgs mass in the MSSM as a function
of stop mixing, the average stop mass scale, and tanβ. Adapted from a figure in [43].
one-loop A-terms of order (αu/4pi)F/M (where
√
F is the scale of SUSY breaking
and M is the messenger mass scale), it also generates one- and two-loop contribu-
tions to m2Hu . The one-loop contribution may be suppressed if the messengers are
of the minimal gauge mediation form (i.e., their mass comes entirely from the lowest
component of a single SUSY-breaking spurion), but the two-loop contribution is of
order A2t . This is necessarily large, since the A-terms need to be large, implying µ
is large, and the tree-level tuning of EWSB is more or less as bad as simply taking
heavy, unmixed stops [44].
3. Enhance the tree-level contribution to the Higgs mass. Since the size of the tree-
level contribution is set by the Higgs quartics, this suggests new contributions to the
quartic couplings. These effects are in some sense the most natural, since they do not
require radiative corrections to exceed tree-level contributions. Either F - or D-terms
will suffice. New F -term contributions imply additional degrees of freedom coupled
to the Higgs, such as the NMSSM and variants, while new D-term contributions
imply new gauge groups broken at a low scale.
For the F -term, imagine introducing a singlet S with marginal superpotential inter-
action
W = λSHuHd + . . . (11)
for which
δm2h = λ
2v2 sin2 2β (12)
The problem is that this is largest at tanβ = 1, where the standard MSSM contri-
bution to the Higgs mass vanishes. Also λ runs up at higher scales, since there is no
gauge contribution to regulate the self-interaction contribution to the beta function.
The perturbative max (i.e., the value of the weak-scale coupling required to ensure
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no Landau pole below the GUT scale) lies around λ ∼ 0.7. The largest tree-level
value with this bound is 122 GeV, and in general stops around 400 GeV or heavier are
required [45, 46]. So this scenario is constrained, but there are few deadly drawbacks.
The generic problem is that symmetries are necessary to protect S from Planck-scale
tadpoles.
For the D-term, imagine extending the theory to, e.g., SU(2)A×SU(2)B → SU(2)L
at a scale f , with Hu charged under SU(2)A in the UV. This adjusts the SM quartics
by an amount g2 → g2(1 + ∆), where [47]
∆ ≡ g
2
A
g2B
m2S
m2V +m
2
S
(13)
where m2V ∼ (g2A+g2B)f2 is the supersymmetric vector mass, and mS is the soft mass
of the fields that Higgs the group to the diagonal.
Then the correction to the Higgs mass is
δm2h =
g2∆
2
cos2(2β) (14)
Now there is also a shift in soft masses that bounds mS , namely [47]
δm2Hu ∼
3
4
g2A
g2B
g2
16pi2
m2S (15)
which requires mS . 10 TeV to avoid worsening the tuning of EWSB, and then
preserving a large effect makes mV low enough to raise tension with precision elec-
troweak.
4. Enhance the loop-level contribution to the Higgs mass with additional matter. We
know that chiral multiplets with large couplings to the Higgs enhance the radiative
contribution to the physical Higgs mass, so we can imagine adding new fields to assist
the top multiplet. These new fields should be vector-like, in order to avoid stringent
limits on a chiral fourth generation. This is only a partial solution, since it requires
the log still be large, although now distributed among many fields. Imagine adding
doublets Φ, Φ¯ and singlets φ, φ¯ with couplings
W = MΦΦΦ¯ +Mφφφ¯+ kHuΦφ¯+ . . .+ soft terms (16)
This is like adding extra top multiplets, and [48, 49]
δm2h =
Nc
4pi2
k4v2 sin4 β log
(
m2S/m
2
F
)
+ . . . (17)
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(where here mS and mF are the scalar and fermion masses of the new multiplet,
respectively) and one can explain the Higgs mass.
However, there are similarly radiative contributions to the Higgs soft parameters of
order [48]
δm2H ∼ −
Nc
4pi2
k2m2S ln(Λ/mS) (18)
and so it is far from obvious that tuning improves substantially. One can live along
certain directions of parameter space where the physical mass correction is large but
the radiative correction to the soft mass isn’t maximal, but these are not necessarily
generic. On the whole, adding new vector-like states to raise the Higgs mass more or
less just distributes tuning associated with explaining the Higgs mass among added
degrees of freedom.
Unsurprisingly, the Higgs mass is a very important target! The observed mass is close
to SUSY expectations, but implies that a correction of the same size as the tree-level MSSM
piece is necessary. If we retain the minimal framework, we are forced into a position of either
tolerating large loops – in violation of Veltman’s naturalness criterion – or attempting to
induce large threshold corrections, which have tuning problems of their own in calculable
models. Alternately, we can introduce new tree-level contributions by extending the Higgs
sector or add new degrees of freedom to run in loops. Both of these possibilities imply new
physics that is sensitive to SUSY breaking and whose mass scale is generically bounded
from above. Such extensions typically also give rise to corrections to Higgs couplings and
other precision observables [50]
5.2 Couplings
We also learn substantially from the couplings of the observed state. The Higgs sector of
the MSSM is a Type 2 2HDM, which comes with certain tree-level predictions for changes
in the couplings of the Higgs. In general, the CP-even excitations of the Higgs are not
aligned with the vacuum condensate, and so one can expect tree-level deviations in the
Higgs couplings. Radiative corrections from new colored and charged states can also play
an important role. To the extent that we’ve observed a largely SM-like scalar, this leads
to additional constraints on the parameter space.
5.2.1 Tree level
As a Type 2 2HDM, there can be tree-level changes in the Higgs couplings due to the
2HDM scalar potential, corresponding to rotations of h away from the vacuum condensate.
This can be simply parameterized in terms of tanβ and α, the rotation between CP-even
mass eigenstates and the original doublets.
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We have for ri ≡ ghiigSMhii [51],
rb = − sinα
cosβ
rt =
cosα
sinβ
rV = sin(β − α) (19)
In general α, β are free parameters, but in the MSSM the predictive quartic couplings allow
us to exchange α for the physical mass scale mA, via
cotα = − tanβ − 2m
2
Z
m2A
tanβ cos(2β) +O(m4Z/m4A) (20)
Then at large tanβ,
rb → 1 + 2m
2
Z
m2A
rt → 1−O(m4Z/m4A) rV → 1−O(m4Z/m4A) (21)
So the dominant effects are in the bottom quark coupling at large tanβ. This leads to limits
on mA primarily from adjusting the total width of the Higgs, rather than any deviations
in the couplings of well-measured channels.
Current coupling measurements are at the 25% level. So taken alone, at large tanβ
this implies the lower bound on mA is & 250 GeV, which is not a tight constraint. Of
course, this is purely tree-level, and loop-level effects can be very important, especially if
new charged and colored states are light.
5.2.2 Loop level
Two of the most important Higgs couplings arise in the SM at one loop, namely the coupling
to gluons and photons. So both of these are easily altered by loops of new colored and
charged particles, which SUSY provides in abundance.
The contributions from new physics are fairly simple to compute; the Higgs low-energy
theorems tell us that the correction to the Higgs-gluon-gluon coupling due to new physics
goes as
Lhgg = αs
12pi
h
v
(
2
∑
F
tF
∂ log detmF (v)
∂ log v
+
1
2
∑
S
tS
∂ log detmS(v)
∂ log v
)
GaµνG
aµν (22)
where t is the Dynkin index.
First, let’s work out the implications for stops:
• Applying this to the top-stop system, the stop contribution to the gluon effective
coupling hGG is [51]
rG − 1 ≈ 1
4
m2t
m2S
(
m2
t˜1
+m2
t˜2
−X2t
m2S
)
(23)
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which includes only the loop effects, i.e., neglects tree-level corrections to the top
coupling discussed earlier. This enhances the gg coupling for unmixed stops, but can
suppress the gg for mixed stops; this latter effect is hard to realize given vacuum
stability. However, it’s clear that the interplay of mixing and masses can be used to
cancel or reduce the contribution to the effective coupling.
• To get a ballpark sense for the effects under consideration, we have mt˜1 = mt˜2 = 250
GeV→ rG = 1.24, so a 50% enhancement of gluon fusion rate. This falls to rG = 1.06
by 500 GeV, so generic bounds ensure small contributions consistent with current
measurements even without mixing. Note that if stops were light, unmixed, and
nearly degenerate with the top, the effects could be considerable, as much as 150%
of the SM coupling. This provides another handle on light stops.
• As for photons, the contribution to the photon effective coupling is computed in a
similar way, with
rγ =
AγW +A
γ
t +A
γ
t˜
(AγW +A
γ
t )
SM
≈ 1.28rV − 0.28rG (24)
The dominance of the W loop mean that the stop contribution enters here with a
flipped sign relative to the gluon coupling. So one expects enhanced gluon couplings
to be correlated with suppressed photon couplings, etc.
Of course, the stop is not the only degree of freedom that can run in loops. Other
contributions include:
• Sbottom contributions are typically not large due to the suppressed coupling. Stau
effects are possible but typically not large except in somewhat small corners of pa-
rameter space.
• Charginos may have an important effect. Useful since we expect higgsinos ∼ 200
GeV. The coupling has no simple form, but parametrically, the chargino correction
is [51]
rχ
±
γ . 1 +
2
5
m2W
m2
χ±
(
1 +
2mW
mχ±
)−1
(25)
which leads to rχ
±
γ − 1 . 10% given bounds from LEP. However, this is also quite
sensitive to the wino and higgsino content of the chargino. So in general we expect
these corrections to be fairly small and not to give irreducible limits on the parameter
space.
Ultimately, we can combine the tree-level and loop-level effects in a given coupling
fit to Higgs measurements, as illustrated in Fig. 21. The fit is insensitive to tanβ above
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Figure 21: Combined coupling fit in the MSSM as a function of mA and the effective top-
higgs coupling appearing in the gluon and photon couplings (sensitive to loop effects from
stops) at large tanβ. Cartoon of a figure appearing in [52].
tanβ ≈ 10, where bounds are mA & 250 GeV [52]. At low tanβ, the tree-level alterations
of couplings shrink, and fit allows lower values of mA.
So at present coupling fits to H do not provide qualitatively new data regarding the
extended Higgs sector, but this could change with improved precision.
5.3 Summary
The Higgs mass and couplings both provide useful new input to the structure of SUSY
theories.
• The Higgs mass is somewhat tense with respect to minimal predictions, requiring a
correction that is the same size as the minimal tree-level contribution. While this
may be alleviated in various ways, most mechanisms require additional degrees of
freedom bounded in scale.
• Explaining the Higgs mass simply in the context of the MSSM involves some degree
of tuning from the log-enhanced and finite corrections. This points to high scales or
non-minimal scenarios with new degrees of freedom.
• Coupling limits are interesting, but they lead to no strong limit on scales for either
loop-level or tree-level corrections. Varying mixing in new degrees of freedom can
tune corrections away, so that corrections at a given mass scale can be substantially
reduced relative to naive expectations.
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• In general, coupling measurements at present only place useful constraints if the
relevant new particles are very light.
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Part III
Where do we go?
In light of the natural expectations for supersymmetric signals and null results at the
LHC, there are two logical directions to pursue: “breaking the signal”, i.e., finding ways
to undermine the conventional signals of supersymmetric models and thereby erode the
sensitivity of LHC searches; and “breaking the spectrum”, i.e., constructing novel models
that comfortably sit on the periphery of LHC sensitivity and are perhaps under less tension
than their conventional counterparts.
In the former case, the presumption is that supersymmetry is natural and more or less
consistent with our pre-LHC expectations, with a spectrum of sparticles beneath a TeV that
we have yet to discover simply because kinematics or other features make them difficult to
distinguish from backgrounds. In the latter case, the presumption is that supersymmetry
provides a correct description of the universe at high energies but takes a form radically
different from minimal realizations.
6 Breaking the signal
To figure out how to break the signal, we should first assess what the signal is – i.e.,
what distinctive properties of SUSY theories provide handles for discrimination relative to
Standard Model backgrounds. SUSY manifests itself above SM backgrounds in two decisive
ways: through large missing transverse energy associated with decays of heavy states to a
stable LSP, and through large activity (typically hadronic) associated with heavier mass
scales. If either one of these is substantially undermined, it can erode the signal space and
leave the spectrum natural. Of course, these are not the only signals; if SUSY events throw
off other tagging objects (such as photons or leptons) in conjunction with a large rate or
energy scale, then even the erosion of both missing transverse energy and large hadronic
activity can be overcome.
There are three principal ways to break these signals: compressing SUSY, stealthifying
SUSY, or breaking R-parity. Each comes with its own advantages or disadvantages. In
each case, one can think of these avenues as model-building modules – they can be attached
to a conventional SUSY model that on its own can explain the Higgs mass and electroweak
naturalness.
6.1 Compressed SUSY
We typically assume that all SUSY production processes end in a collider-stable LSP that
is substantially lighter than other sparticles. This intuition is an assumption born of
parsimony – for example, models based on mSUGRA give large splitting between the bino
and gluino due to long RG running from the fundamental scale of SUSY breaking. Thus
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typically the LSP is a bino or higgsino with substantial separation from colored sparticles.
This in turn gives maximal sensitivity at the LHC, since cascade decays to the LSP throw
off impressive amounts of event activity in the form of energetic jets and leptons. It also
leads to a substantial missing energy signal, since the LSP is pair-produced in essentially
uncorrelated directions, guaranteeing large total MET in the event.
However, this separation is not an intrinsic feature of SUSY. If the LSP is closer in
mass to the scale of colored sparticles, the spectrum becomes compressed and limits reduce
substantially [53]. This reduction is due to two effects:
1. The hadronic activity in the event decreases since less energy is available to visible
particles appearing in the cascade decay from heavy initial sparticle to the LSP.
2. The MET in each event decreases since the LSPs are pair produced in more of a
back-to-back manner, so that there is cancellation in the total missing energy even
though two invisible particles are carrying off a substantial amount of energy.
Figure 22: Kinematics of compression. MET is accidentally reduced in pair-production,
but the presence of hard ISR provides enough recoil to restore the intrinsic MET signal.
Adapted from a figure in [54].
The kinematics of MET reduction are illustrated in Fig. 22. We see the effects of
compression in every SUSY limit plot by looking close to the diagonal where the mass of
the LSP grows close to the mass of the sparticle under study; limits are always eroded
as we near the compressed region. However, although these effects buy some reduction in
the sensitivity of standard search strategies, they can be easily outmaneuvered by slight
improvements in the search. In particular, only the reduction in hadronic activity is robust.
The reduction in MET is not robust for events with initial state radiation (ISR). ISR
jets provide something for the SUSY process to recoil against, so that the LSP pairs
are not strictly back-to-back and there is a net missing transverse energy in the event.
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Thus compressed signals can be efficiently constrained by lowering meff requirements and
increasing jet multiplicity. By focusing more on MET, rather than combinations of MET
and meff , the compressed signal can be dug out. On the flip side, this may become
more challenging at Run II of the LHC as pile-up contributes more to backgrounds for
MET-based searches.
At the moment, given the kinematic reach of the LHC at 7 and 8 TeV, if the LSP is
heavier than 500 GeV then there is no real limit in any simplified model. But this will be
eroded with more data, dedicated searches, and higher center-of-mass energy. Compression
is therefore an annoyance, but not a panacea for eroding search limits.
However, to the extent that compression does reduce limits, it’s natural to ask what
types of models intrinsically lead to compressed spectra. Typically, this is the outcome in
models where the gluino is lighter than other gauginos at the high scale, due to additional
degrees of freedom carrying Standard Model charges that split the typical gaugino mass
unification relations. This can be arranged in gravity mediation scenarios, or in gauge
mediation where the doublet and triplet messengers have distinct couplings. Then running
effects can lift the gluino mass while flowing to the IR, with the typical result that all
gauginos are comparable in mass. So this is a fairly simple outcome that erodes limits
using only a mild departure from parsimony. It will not enable SUSY to be hidden at the
LHC forever, but at the moment still buys some erosion of the limit space.
6.2 Stealth SUSY
The reduction in MET due to compression was in some sense accidental; compressed SUSY
events still involve heavy invisible particles carrying substantial energy, and only result
in MET reduction if the heavy particles are produced back-to-back. It’s therefore quite
interesting to consider stealth supersymmetry, a systematically robust scenario in which
the MET signal is reduced [55, 56]. To emphasize the distinction, keep in mind that
• Compressed SUSY is really reduction of meff , the reduction of MET is incidental or
accidental. The LSP is heavy and energetic.
• Stealth SUSY is genuinely the reduction of MET, not meff . The LSP is light, carries
little energy.
The idea behind stealth SUSY is that there is a light, approximately supersymmet-
ric multiplet in theory. Of course, we don’t expect this multiplet to be a standard MSSM
supermultiplet, since the non-observation of MSSM sparticles suggests a considerable split-
ting in the MSSM, but it’s plausible to imagine additional degrees off freedom that feel
SUSY breaking more weakly.
In the presence of such an approximately supersymmetric multiplet, decay chains pro-
ceed as normal, bleeding off all visible energy down to an R-odd stealth particle, which
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we’ll call S˜. We imagine S˜ has a relatively small mass splitting with its R-even superpart-
ner, S. Then we can have decays of the form S˜ → SG˜, where G˜ is a gravitino or other
light R-odd particle that plays the role of the genuine LSP. The R-even particle S must go
back to visible particles, like S → jj. If this is the case, then the true LSP G˜ carries off
a small amount of MET simply due to kinematics; the decay that produces the LSP has
small phase space for the invisible particle. Note that it’s crucial that S also decay back
into visible particles on detector timescales, lest the missing energy signal result from the
entirety of the decay products of S˜.
One expects the invisible momentum carried off in such process to be of order pinv. ∼
γδM ∼ mg˜mS˜ (mS˜ −mS). Now limits from normal SUSY searches start to become effective
around mS˜−mS & 20 GeV. Thus to be effective in eroding limits, we need small splittings
in the S, S˜ multiplet, on the order of . 10 GeV. So the S, S˜ are really coming from an
approximately supersymmetric multiplet.
The generic challenge for model-building in this case is that there is a universal amount
of SUSY breaking proportional to the gravitino mass, m3/2. If m3/2 is the primary scale
of SUSY breaking, as in gravity- or anomaly-mediation, then it’s hard to arrange an ap-
proximately supersymmetric multiplet unless these degrees of freedom are protected by
conformal sequestering of some form. Alternately, we can imagine this scenario working
in low-scale models where m3/2 is small and the primary source of SUSY breaking in the
MSSM comes from gauge loops.
The other requirement for a viable model is an appropriate portal, since decay chains
have to end in S˜ and the S particle has to decay back to visible states. The simplest such
portal is SHuHd, since HuHd is the smallest gauge-invariant operator we can write down.
We could also could add new vector-like states Y, Y¯ charged under the SM and a SY Y¯
coupling. This can give a one-loop bino-photon-S˜ vertex allowing decays into S˜ radiating
off a photon. Diagrams illustrating the effective one-loop couplings and example decay
chains are shown in Fig. 23.
As in the case of compressed SUSY, experimentalists catch up quickly. In fact, CMS
already places a limit on stealth scenarios where the decay into S proceeds via a photon
[57]. Even if the missing energy signal is substantially eroded, high event activity and
a distinctive final state such as a γ are sufficient to discriminate from background. For
the particular scenario they consider, the 7 TeV limit is 1.5 TeV on squarks whose decays
go through a photon. More generally, the experimental handles are high jet multiplicity
and large jet activity, since SUSY decay chains end up in light final states with several
decay steps. If couplings are sufficiently small, there may also be displaced verticles, which
provide an additional handle. Thus stealth SUSY, too, is not a panacea; in addition
to eroding MET, one needs to hope that stealth decay chains do not throw off too many
decisive tagging objects. So it’s an interesting idea, and robust in its elimination of missing
energy as a tagging object, but ultimately experiment is likely to catch up in a substantial
sense.
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Figure 23: Top row: Loop-induced couplings in a stealth toy model with new vector-like
states. Bottom row: A sample stealth decay chain.
6.3 R-PV SUSY
All of our discussion so far has assumed that SUSY events should involve MET due to
a conserved R-parity. Recall that this assumption of R-parity was again the product of
parsimony, since it naturally explained the absence of dimension-four proton decay as well
as providing a viable dark matter candidate by ensuring the stability of the LSP. However,
apart from any discomfort about parsimony, it’s not entirely clear that these motivations
are completely robust. Genuine supersymmetric WIMP dark matter is increasingly con-
strained, except along certain subspaces where cancellations in couplings erode direct search
limits. Proton decay is a more powerful concern, but is not unavoidable; it’s possible that
R-parity is violated in specific ways that do not introduce fatal rates for proton decay.
While R-parity provided a parsimonious avenue for dark matter and safe proton decay,
it’s not necessary for naturalness and its benefits can be realized in other ways without
guaranteeing the stability of the LSP.
Recall that R-parity is a Z2 subgroup of a continuous U(1)R. Loosely speaking, R-
parity is (−1)R, where the theory contains R-even and R-odd particles charged as +1,−1,
respectively. This is not a continuous symmetry, since an unbroken U(1)R forbids Majorana
gaugino masses and gravitino masses. (As we’ve seen, there are scenarios where this may
be made viable, but they require additional extensions of the MSSM). R-parity can be
related to a twist of matter-parity, (−1)2S(−1)3B+L. If R-parity is preserved, it naturally
forbids proton decay up to dimension 5 and renders the lightest R-parity odd state stable.
It’s natural to ask what happens if we break R-parity. In the absence of R-parity,
additional marginal and relevant terms allowed by gauge invariance are [58]
WRPV = µiHuLi +
1
2
λijkLiLjE
c
k + λ
′
ijkLiQjD
c
k +
1
2
λ′′ijkU
c
iD
c
jD
c
k (26)
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Note that the antisymmetric contraction forces antisymmetric flavor indices in the
LL and DD parts in λ, λ′′. Thus the total parameter counting involves 3 dimensionful
parameters µi, 9 λ, 27 λ
′, 9 λ′′, giving us 48 new (possibly complex) parameters in total
[58].
Of these, the couplings λ′′ violate B-number, while the couplings λ, λ′ violate L-number.
Note that both B and L number must be violated to induce proton decay, so that if for
some reason only B- or L-violating operators are nonvanishing, then proton stability may
be preserved.
Notice that we can rotate away the relevant terms via Hd ∝ µHd+µiLi, which regener-
ates remaining terms. So we should think of the relevant RPV operators as being physical,
but not uniquely parameterizable. Historically, it was conventional to always rotate away
the µ, but in the context of predictive models it’s often useful to obtain RPV coefficients
in the full basis to preserve possible correlations between parameters.
Of course, just as in the MSSM there are soft parameters corresponding to all super-
symmetric parameters, in the case of RPV we can also have soft parameters for each super-
potential parameter. This gives rise to 51 new possibilities: 45 RPV A-terms, 3 B terms,
and 3 soft mass terms. Generically, these soft terms can cause many phenomenological
problems, including the potential for inducing sneutrino vevs. There is some redundancy
in the combined physical effects of the supersymmetric and soft RPV terms, but all to-
gether 48+51-3 = 96 complex free parameters introduced by RPV when supersymmetric
and soft terms are considered together [58].
The parametric multiplicity aside, when RPV is turned on, the lightest R-odd particle
can decay into R-even particles, i.e., SM states. As desired, this erases MET signals, but
increases the event activity by creating high-multiplicity final states via decays involving
the RPV couplings. There can also still be some MET in SUSY events if W or Z bosons are
thrown off at intermediate steps in the decay chain, so small amounts of MET can still prove
useful depending on the shape of the cascade. Finally, RPV decays often involve leptons as
well, which makes for a distinctive final state. So even without substantial missing energy,
the combination of high jet activity and multiplicity, potential (albeit small) MET from SM
decays, and leptons from L-violating RPV couplings provide various experimental handles
on RPV scenarios.
Needless to say, this scenario is strongly constrained in a generic realization:
• Obviously having both B and L violation is prohibitive; the combination λ′imkλ′′∗11k
(i = 1, 2, 3,m = 1, 2) would lead to tree-level proton decay forbidden unless . 10−26.
• In general, we can avoid deadly problems by conserving either B or L separately;
this avoids proton decay. However, one needs a reason to turn on only certain RPV
couplings without turning on others in order to ensure either B or L are conserved.
• Even in this case, there are also constraints on pure B or L violation. For example,
∆B = 2 processes like n − n¯ oscillations, or µ → e conversion for leptons place
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additional constraints on RPV couplings. The limits are most constraining on light
generations.
Given these constraints, it would be nice to have a predictive framework in which an
appropriate pattern of RPV couplings can be realized. One such framework is MFV SUSY
[59]. Here the idea is that there is no conserved R-parity, but RPV couplings follow the
structure of minimal flavor violation, i.e., flavor violation governed solely by SM yukawas.
Turning off the SM Yukawas, there is a SU(3)5 global symmetry of the five species. MFV
is a spurion analysis, assuming only source of symmetry breaking is SM Yukawas.
The only renormalizable RPV operator allowed by MFV is UDD, proportional to
YuYdYd. This gives a natural texture to the UDD couplings and forbids L violation. It
also results in small RPV couplings for light generations, larger for heavy generations,
which is favorable from the perspective of other indirect limits. It also leads to a predictive
set of LHC signals, since processes involve heavy flavor.
Of course, at this level MFV SUSY is purely an ansatz. To realize it fully, we need
a model. One option is to gauge a subset of the flavor symmetries of the MSSM, and
spontaneously break them to give rise to SM yukawas [60, 61]. In the process, this also
gives rise to the RPV operators in a pattern approximately dictated by MFV SUSY. If
realized in nature, it doesn’t provide a total escape from limits. If RPV is concentrated in
heavy flavor, this typically implies signals involving leptons and visible activity in decay
chains, with better signals that can be searched for readily at the LHC. It’s not a panacea,
and limits on RPV processes are typically competitive with RPC processes save in a few
rare cases. In general, one has to really work to benefit significantly.
6.4 Summary
If we want to save SUSY by breaking the signal, we should focus on altering typical expec-
tations for either event activity or MET. Compressed SUSY breaks the activity signal by
leaving little space for visible decay products, but MET remains fairly sensitive – especially
in conjunction with ISR to eliminate any accidental MET reduction. On the other end,
stealth SUSY and RPV break MET, but retain substantial event activity that can readily
be probed at the LHC.
In general, whether reducing MET or event activity, these innovations gain at most a
few hundred GeV in the current space of limits. Experimentalists are extremely clever and
adaptable!
7 Breaking the spectrum
Alternately, we can “break the spectrum”, by constructing non-minimal models that pop-
ulate corners of parameter space under less stress from LHC limits. Having a satisfying
model provides a reason to populate such under-constrained regions, and likewise can
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provide new observables or suggest new search strategies moving forward. There is still
tremendous room to make progress in this direction.
7.1 Natural SUSY
Supersymmetric naturalness is not badly threatened by the LHC if only the particles most
intimately involved in the naturalness of the Higgs are light. However, we would be more
comfortable if this scenario were a generic prediction of some class of models.
It’s certainly possible to construct theories where the third generation soft masses
are preferentially distinguished from those of the first two generations. However, this
alone is not terribly satisfying; we would like the lightness of third generation sparticles to
somehow be tied more directly to the heaviness of third generation fermions and their role
in electroweak naturalness. An ad hoc light third generation of sparticles is a bit like an
ad hoc Z ′: there is no reason it can’t be there, but it’s fairly unsatisfying as a theory of
nature. Theories featuring a light third generation (or at the very least, light stops) and
heavy first- and second-generation particles have recently been dubbed “natural SUSY”
models [62], perhaps a concession to the fact that universal models with conventional LHC
signals are no longer natural. However, models with the “natural SUSY” spectrum have
a much longer history, dating back to the essentially identical “more minimal” models of
the mid-1990’s [63, 64], with many subsequent years of detailed model-building. These
models were motivated more by flavor considerations than naturalness, owing to the fact
that flavor violation in the third generation was (and remains) not as strongly constrained
as flavor violation in the first and second generation.
There are two primary challenges to constructing a viable model of natural SUSY:
• Flavor. If SUSY breaking is to know about the third generation in a non-arbitrary
way, it has some relation to flavor. This raises the prospect of flavor violation.
• The Higgs mass. If SUSY is natural, and the stop masses are down around the
periphery of LHC limits, then explaining the Higgs mass purely through radiative
corrections from the stops is a bit challenging. One could always just add new degrees
of freedom to raise the Higgs mass, but this is more satisfying if the new physics is
somehow tied to the mechanism driving the spectrum.
Let’s consider a selection of examples. This will be far from an exhaustive survey of
natural SUSY model-building; notable models not discussed here include [65, 66, 67, 68].
7.1.1 Single-sector SUSY breaking
A most satisfying explanation involves flavor and the soft spectrum arising from the same
source. In single-sector SUSY breaking, this is realized by the notion that supersymmetry
is broken by some strong dynamics acting on degrees of freedom that also carry Standard
Model charges. Light-fermion generations are identified with bound states of the strong
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dynamics, while heavy-fermion generations are elementary. The composite states feel su-
persymmetry breaking more directly than the elementary ones (often at one loop vs. two
loops), correlating light fermions with heavy sfermions.
For example, if H, Q3 are elementary chiral superfields, while Q1,2 are composites
∼ (ψψ¯), then certain Yukawa couplings and mixings arise as irrelevant operators generated
at some flavor scale MF :
W ⊃ HQ3u¯3 + 1
MF
HQ3(ψψ¯)i +
1
M2F
H(ψψ¯)i(ψψ¯)j (27)
which leads to a Yukawa texture of the form
Y ∼
 ε2 ε2 εε2 ε2 ε
ε ε 1
 (28)
where ε ∼ Λ/MF is given by the ratio between the scale of strong coupling and the flavor
scale. The irrelevant operators are generated by integrating out elementary degrees of
freedom at the scale MF that may be charged under the SM but in general are neutral
under the strong interactions. Presumably the composites (ψψ¯) are also connected more
directly to SUSY breaking in the strong sector.
To make this more substantive, it would be nice to have a sharp example in which these
ideas are realized. The initial proposals [69, 70] fully realized the idea through models with
incalculable SUSY breaking. A calculable example arises in SUSY QCD [71]. Consider a
SUSY QCD theory with SU(Nc) gauge group and Nf (anti)fundamental flavors Q (Q˜),
with superpotential W = mQQ˜ that preserves a diagonal SU(Nf ) flavor symmetry. In the
range Nc < Nf <
3
2Nc the theory becomes strongly coupled at a scale Λ, below which it
can be described via Seiberg duality in terms of an IR-free dual theory consisting of and
SU(Nf −Nc) magnetic gauge group, Nf (anti)fundamental magnetic flavors q (q˜), and a
meson M ∼ (QQ˜) transforms as a bifundamental under the diagonal flavor symmetry. The
magnetic superpotential is
W = hqMq˜ − µ2M (29)
where µ2 = mΛ. The trilinear qMq˜ has rank Nf − Nc, while M has rank Nf , so not all
F -terms of M may be set to zero by giving vevs to magnetic quark bilinears. Thus SUSY
is spontaneously broken in this theory by the so-called rank condition [72]. The theory also
possesses supersymmetric vacua arising from irrelevant operators, so that SUSY-breaking
is metastable. However, these SUSY vacua are parametrically distant in field space and lie
far from the enhanced symmetry point at the origin of field space.
Decomposing the fields into
q ∼
(
σ
ρ
)
q˜T ∼
(
σ˜
ρ˜
)
M ∼
(
Y Z
Z˜T Φ
)
(30)
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the fields σ, σ˜ acquire a vev in the metastable vacua by canceling off the maximal number
of F -terms of M . The fields ρ, Z acquire tree-level masses and tree-level SUSY-breaking
splittings between the scalar and fermion components. The field Φ is massless at tree level,
but the scalars acquire a soft mass at one loop of order
m˜2Φ ∼
h2
16pi2
µ2 (31)
while the fermions are massless.
Then it’s fairly clear to see how this theory can be leveraged into realizing the single-
sector idea. If part of the SU(Nc)f ⊂ SU(Nf ) flavor symmetry left unbroken in the
metastable vacuum is weakly gauged by the Standard Model, then Φ contains various
SM representations with massless fermions and massive scalars at one loop; these can be
identified with first- and second-generation fields. Moreover, the ρ, Z fields are also charged
under the SM and so serve as messengers of gauge mediation, giving two-loop soft masses
to the scalars of elementary (third-generation) fields. Then we have
m˜21,2 ∼ m˜2Φ ∼
h2
16pi2
µ2  m˜23 ∼
( α
4pi
)2
µ2 (32)
Where are the bodies buried? M typically contains more fields beyond those of the
first two generations, which must be eliminated from the low-energy spectrum. This can
be achieved by adding additional elementary spectator fields who couple to the undesired
components of QQ˜ ∼M at high energies, leading to mass terms at the scale Λ. However,
this is in general fairly ad hoc. The theory also entails a substantial amount of matter
charged under the SM, so Landau poles in the SM gauge couplings are problematic. The
theories presented above also have a tradeoff with respect to flavor. They possess a U(2)
sflavor symmetry since the first two generations are composites of the same meson species,
which prevents prohibitive FCNC. On the other hand, this only leads to a crude U(2)
theory of flavor, with additional structure required to explain the flavor structure in the
first and second generation fermions. One can construct more elaborate models where the
first two generations arise from mesons with different classical dimension, but these models
are tuned with respect to flavor [73]. Finally, the theory does not intrinsically explain the
Higgs mass, and so, e.g., the NMSSM needs to be added as an external module.
Models have been constructed with somewhat more exotic gauge groups such as Sp(N),
where the origin of Standard Model chiral generations is more natural and low-scale Landau
poles can be avoided [74]. There are also interesting realizations involving warped extra
dimensions, as in [75].
7.1.2 Split families
Here the idea is that the first two generations are charged under a different set of Standard
Model gauge groups at high energies [76, 77]. (See also [78]. Note that these models are
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related to earlier models with additional U(1) symmetries [79].) Flavor and naturalness
are guaranteed by gauge invariance.
Imagine that above some scale f , the SM gauge group is extended into a double copy,
[SU(3)×SU(2)×U(1)]A× [SU(3)×SU(2)×U(1)]B, with the first two generations trans-
forming under the A copy and the third generation and Higgs doublets Hu, Hd transforming
under the B copy. These choices are all intrinsically anomaly-free. There are also some
bifundamental fields χ, χ˜ charged under both groups. At the scale f , the χ, χ˜ acquire vevs
that Higgs [SU(3)×SU(2)×U(1)]A× [SU(3)×SU(2)×U(1)]B → SU(3)×SU(2)×U(1),
yielding the MSSM at low energies. This configuration is illustrated in Fig. 24
Figure 24: The pattern of gauge groups and family assignments in the simplest split family
model. On the left is the UV configuration, which higgses to the IR configuration on the
right.
Gauge invariance forbids certain Yukawa couplings from arising as marginal operators.
Instead, we must have
W ⊃ HQ3u¯3 + 1
M
χHQ3u¯i +
1
M2
χ2HQiu¯j (33)
which leads to the same flavor texture discussed earlier, but with ε ∼ f/M .
What about the soft spectrum? If we imagine SUSY breaking is mediated via gauge
mediation through messengers charged under group A, then the first and second-generation
soft masses are the usual GMSB ones, while the third-generation and Higgs masses are
screened by an additional loop factor, and they are only the usual 2-loop GMSB diagrams
below the scale f . This leads to
m˜2i ∼
(αi
4pi
)2( F
M
)2
 m˜23 ∼
(αi
4pi
)2( f
M
)2( F
M
)2
(34)
Since the first- and second-generation soft masses are gauge-mediated, they enjoy an au-
tomatic U(2) sflavor symmetry that protects against problematic flavor violation.
At this stage, the scales f and M could be arbitrarily large, with f ∼M/10 explaining
the suppression of third-generation soft masses and the relative largeness of the top Yukawa.
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However, the theory acquires an additional novel feature if these scales are low, with f . 10
TeV. In that case, the Higgsing down to the SM gauge group occurs at low scales. This
yields additional contributions to the MSSM D-terms, and hence an enhancement to the
Higgs quartic precisely of the type discussed earlier. This provides an intrinsic, automatic
way of explaining the Higgs mass in these models provided the scale of Higgsing is not too
high to decouple the new contributions to the quartic.
If the Higgsing scale is low, it provides an additional novel feature to improve the nat-
uralness of the theory. Since only the gauginos of the A group acquire one-loop Majorana
masses above the scale f , the renormalization of third-generation soft masses due to the
gluino is cut off by the scale f . Thus radiative corrections are naturally of the size
δm2
t˜
=
2g2s
3pi2
m2g˜ ln (f/mg˜) (35)
where f ∼ 10 TeV keeps the logarithm small. Hence there is less radiative correlation
between the soft parameters in this model as well.
This class of models is appealing in the sense that it provides a natural SUSY spectrum;
a lower cutoff for radiative corrections; and an intrinsic explanation for the observed Higgs
mass. On the other hand, as with the single-sector model presented in the previous section,
the simplest two-site theories require additional structure to explain the flavor pattern of
the first and second generation fermions. And while unification is possible in these models,
it typically lowers the unification scale and requires additional structure to explain the
absence of proton decay [77].
7.1.3 Flavor mediation
Imagine that supersymmetry breaking is mediated through a gauged flavor symmetry.
Such gauge symmetries must be spontaneously broken to yield the observed pattern of
fermion masses and mixing, and in general – if the gauged flavor symmetry also mediates
supersymmetry breaking – we expect the spontaneous breaking to leave its imprint on the
soft mass spectrum [80]. In fact, this imprint works precisely in the direction we desire,
giving rise to an inverse hierarchy of soft masses. It can, in general, also preserve desirable
flavor properties [81].
To understand the physics, let’s first consider the effects of higgsing on gauge mediation.
For simplicity, consider a U(1) gauge symmetry spontaneously broken at the scale f along
a D-flat direction, with messengers Φ± coupled to a SUSY breaking spurion X (with
〈X〉 = M + Fθ2) via W ⊃ XΦ+Φ−. For fields charged under this U(1), the scalar soft
masses are parametrically
m˜2 ∼
(
M
f
)2 (
αi
4pi
)2 F 2
M2
M  f(
αi
4pi
)2 F 2
M2
f M
(36)
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which is as one expects; if the mass scale of the gauge bosons is much larger than the mes-
senger scale, the contributions to gauge-mediated soft masses are suppressed accordingly,
while if the mass scale is much smaller, it reverts to the usual GMSB expressions.
In the more general case of non-abelian gauge symmetries, the soft masses instead
factorize into a sum of separate contributions for each gauge boson mass eigenstate, with
corresponding M/f suppression for each mass eigenvalue. This is illustrated schematically
in Fig. 25, which illustrates the soft mass suppression as a factor of increasing f/M for a
U(1) group and a SU(3) group sequentially broken to SU(3)→ SU(2)→ ∅.
Figure 25: Soft masses in Higgsed gauge mediation as a function of the ratio f2/M2. Left:
Soft masses in a simple U(1) example. Right: Soft masses in an SU(3) example with the
breaking pattern SU(3)→ SU(2)→ ∅. Adapted from a figure appearing in [81].
Now one can imagine how this might be put to work to generate an inverse sflavor
hierarchy. If a non-abelian group is broken sequentially, the smallest soft mass terms are
those arising from mediation of gauge bosons with the largest masses. So if the third
generation scalars receive their soft masses from gauge bosons with larger masses, the
third-generation scalars will be lighter than those of the first and second generation.
The simplest model realizing this in detail consists of a gauged SU(3)F flavor sym-
metry, which is the largest anomaly-free flavor symmetry that can be gauged in the SM
without adding additional multiplets to cancel mixed anomalies. Under this flavor symme-
try, Q, u, d, L, e all transform as ∼ 3. To cancel just the SU(3)F anomalies, we also require
a right-handed neutrino multiplet Nc ∼ 3¯ and a pair of symmetric tensors Su, Sd ∼ 6¯.
Note also that this gauged flavor symmetry is completely compatible with gauge coupling
unification, as it treats all SM species democratically and so commutes with e.g. SU(5).
We imagine that Su and Sd spontaneously break the flavor symmetry along D-flat
directions and generate SM Yukawas via interactions of the form
W =
1
Mu
SuHuQu¯+
1
Md
SdHdQd¯+ . . . (37)
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which gives rise to SM yukawas via the vevs (up to flavor rotations)
〈Su〉 =
 vu1 0 00 vu2 0
0 0 vu3
 〈Sd〉 = VCKM
 vd1 0 00 vd2 0
0 0 vd3
V TCKM (38)
where we have vu3  vu2  vu1 corresponding to the hierarchy mt  mc  mu. In the
limit vui  vdi , as indicated by the mass hierarchy between the top and bottom quark, we
have schematically the breaking pattern
vu3 : SU(3)F → SU(2)F (39)
vu2 : SU(2)F → ∅ (40)
where the last breaking SU(2)F → ∅ occurs because SU(2) is rank-1. Given this pattern
of symmetry breaking, we arrive at a soft spectrum with
m˜23 ∼
(αF
4pi
)2 F 2
M2
M2
v2u3
(41)
m˜21,2 ∼
(αF
4pi
)2 F 2
M2
M2
v2u2
 m˜23 (42)
Note that this naturally gives rise to a U(2) sflavor symmetry since SU(2)F is rank-one,
and so its breaking only generates one mass scale for the first two generations of scalars.
There is also some off-diagonal mixing due to gauge bosons in e.g. SU(3)F /SU(2)F , but
these off-diagonal soft terms are of the next-to-MFV form.
This model naturally gives rise to
1. an inverse sflavor hierarchy
2. a direct connection between flavor and sflavor that is not ad hoc
3. a natural U(2) sflavor symmetry
and is entirely compatible with conventional gauge coupling unification since the SU(3)F
treats all MSSM multiplets equally. Of course, there are some wrinkles; this model also
1. Does not explain gaugino masses for MSSM gauginos, which should be generated by
additional standard gauge mediation or Dirac gaugino masses.
2. Does not explain the Higgs mass or, in general, the necessary parameters of the Higgs
sector
3. Entails additional complications to guarantee that the Higgsing of the flavor symme-
try is D-flat.
Amusingly, although introduced as a model for natural supersymmetry, gauged flavor me-
diation also seamlessly gives rise to models of mini-split supersymmetry [82] (discussed
briefly below).
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7.2 Supersoft SUSY
So far we’ve focused on models that preferentially separate the mass scale of third-generation
scalars from those of the first and second generation, allowing stops to remain light with-
out running afoul of limits on squark-gluino associated production. Of course, another
option is to keep all squarks around the same mass scale but decouple the gluino. This
also alleviates direct gluino limits and the stringent limits from squark-gluino associated
production [83]. Of course, as we learned at the beginning of these lectures, such a separa-
tion between gluino and squark masses is typically unnatural due to the correlative effects
of RG evolution:
δm2q˜ ∼
2g2s
3pi2
m2g˜ ln (Λ/mg˜)→ mq˜ & mg˜/2 (43)
However, these RG effects again arise from parsimony, in this case the assumption
that the gluino mass is Majorana. If instead the gluino mass is Dirac, then the radiative
corrections can be truncated. A simple way to realize this truncation is if the vector sector
of the MSSM is extended to N = 2 SUSY, in which case the theory becomes “super-soft”
[84]. Of course, we can’t make the entirety of the MSSM N = 2 due to the need for chiral
matter, but there’s no problem with extending the gauge sector. This requires adding an
adjoint chiral multiplet Ai to each vector multiplet Vi of the MSSM.
In such a theory we can break supersymmetry not with F -terms, but rather with
a D-term expectation value of a hidden sector U(1). Then gaugino masses arise from
superpotential terms of the form
W ⊃ W
′
αW
α
j Aj
M
(44)
where W ′α gets a D-term expectation value, yielding
L ⊃ D
M
λa˜ (45)
Note that we cannot write down large scalar masses for MSSM matter fields, since the
leading scalar soft mass operator allowed by the symmetries is
K ⊃ (W
′αW ′α)†W ′βW ′β
M6
Q†Q (46)
Rather, the leading contribution to scalar soft masses comes from gaugino masses. However,
there is now an additional diagram that renders such soft masses finite, rather than log-
sensitive to the cutoff, shown in Fig. 26. This additional diagram cancels the logarithmic
sensitivity to the cutoff and replaces it with the scalar soft mass of a, such that
m˜2i ∼
αi
pi
m2D log
(
m2a/m
2
D
)
(47)
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Figure 26: The crucial added contribution to squark soft masses in super-soft SUSY break-
ing that renders the logarithm finite.
where mD is the Dirac mass arising from (45).
The natural question is then what we expect for the value of m2a. If no other SUSY-
breaking operators are present for the gauge sector, then m2a = 2m
2
D and the logarithm is
small. However, there is one more operator allowed by the symmetries that gives rise to
additional contributions to ma:
W ⊃ W
′
αW
′α
M2
A2j (48)
This operator is entirely unrelated to the primary super-soft operator generating gaugino
masses. In fact, in a UV complete model, the operators (44) and (48) typically arise at the
same loop order, but the former is dimension-1 and the latter is dimension-2. This implies
that the mass scale of (48) is actually a loop factor larger than that of (44). This brings
the logarithm back to the same order as one expects from, e.g., low-scale gauge mediation
with Majorana gaugino masses.
The other challenge is that the usual D-term contributions to the Higgs quartic vanish
in this theory, so that quartic terms must be re-introduced and it becomes challenging to
explain the observed Higgs mass.
7.3 Colorless SUSY
There is an exceptionally intriguing class of models that have retrieved little attention
in recent years but become increasingly appealing in light of LHC superpartner limits:
“folded” supersymmetry [85], in which the top partners at low energies are neutral under
QCD. This leads to an effectively colorless theory of supersymmetry where the new degrees
of freedom that control the dominant radiative contributions to the Higgs mass have no
strong production modes. Absent a large QCD production rate, the limits on colorless
top partners are substantially eroded, and naturalness is preserved. Such theories leverage
the observation that the cancellation of the one-loop quadratic divergence coming from
the top quark (in an effective theory with a cutoff) has no intrinsic reliance on the QCD
representation of the superpartner.
Of course, supersymmetry commutes with gauge symmetries, so that the full protection
of supersymmetry does tie the gauge representation of particles and sparticles. This imme-
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diately suggests that colorless models of supersymmetry are somewhat contrived. Indeed,
as we will see, the explicit colorless constructions on the market at present are somewhat
baroque. Nonetheless, explicit examples exist, demonstrating the viability of natural col-
orless theories; the lack of elegant constructions is more a shortcoming of theorists than of
the essential idea. To the extent that such theories provide a qualitatively new approach
to naturalness, and point to entirely new search strategies at the LHC, in my mind this
remains one of the most promising directions for future development.
How does it work? In an effective theory with some cutoff Λ, we can think of the stop
as cutting off the quadratic divergence in the Higgs mass ∝ 6y2tΛ2/16pi2 coming from the
top quark. (Needless to say, in a full theory one should not speak in terms of quadratic
divergences, which are scheme-dependent, but in an effective theory with explicit cutoff
this suffices to capture the correct physics.) This is guaranteed if the stops t˜L and t˜R
couple with interactions of the form
L ⊃ λ2t |Hu · t˜L|2 + λ2t |Hu|2|t˜R|2 (49)
These tree-level interactions, plus a color factor of 3 coming from the dimension of the
t˜L and t˜R SU(3)c representations, guarantee cancellation of the top quadratic divergence.
There is no SU(3)c contraction with the Higgs field; the important feature is merely the
counting factor of 3. But at one loop, this counting factor could come from something other
than the dimension of SU(3)c representation. The challenge is to construct an effective
theory where the couplings in (49) are guaranteed at the cutoff and where the factor of 3
arises appropriately.
An existence proof for such a theory is provided by folded supersymmetry. Consider a
supersymmetric theory with a flat 5th dimension, illustrated in Fig. 27. The bulk gauge
symmetry consists of SU(3)A × SU(3)B × SU(2)L × U(1)Y augmented by an additional
ZAB2 parity exchanging the SU(3)A,B sectors. The two SU(3) factors are not Higgsed down
to the diagonal; rather, SU(3)A is associated with SU(3)c at low energies, while SU(3)B
is an additional gauge group that will confine at an appropriate scale. The bulk matter
consists of two full copies of 5D SM matter fields, one set charged under SU(3)A and the
other under SU(3)B, with identical charges under the SU(2)L × U(1)Y factor. The ZAB2
parity guarantees that e.g. the superpotential couplings of A multiplets and B multiplets
are identical. Finally, the Higgs doublets Hu, Hd are 4D multiplets living on one of the
branes.
Supersymmetry is broken by Scherk-Schwarz boundary conditions. This corresponds
to preserving different N = 1 supersymmetries on the two branes, so that the zero-mode
spectrum is nonsupersymmetric. In a 5D theory with N = 1 supersymmetry, each bulk
matter multiplet consists of fermions and scalars filling out two 4D N = 1 chiral multiplets,
with the N = 1 on each brane pairing the fermions and scalars into chiral multiplets and
preserving the zero mode from one chiral multiplet or another. If the two branes preserve
different N = 1, corresponding to different pairings into chiral multiplets, then only a single
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Figure 27: Cartoon of a 5D realization of folded supersymmetry, consisting of a flat extra
dimension with appropriate bulk gauge group and matter fields, Higgs multiplets on the
boundary, and Scherk-Schwarz SUSY-breaking boundary conditions.
Figure 28: Cartoon of the Scherk-Schwarz boundary conditions required to project out a
qA fermionic zero mode and q˜B sfermionic zero mode. The surviving zero modes are those
that transform as ++ under the combined N = 1 and N ′ = 1 boundary conditions.
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zero mode (scalar or fermion) remains massless at tree level in the 4D effective theory. The
trick lies in the assignment of parities under the Scherk-Schwarz projection, as illustrated
in Fig. 28.
For e.g., the three generations of quark doublet supermultiplets QAi we choose one
N = 1 to preserve the zero mode of one chiral multiplet consisting of scalar q˜Ai and fermion
qAi , while we choose the other N = 1 (call it N ′) to preserve the zero mode of a chiral
multiplet consisting of the scalar q˜′Ai and fermion q
A
i . Hence the only surviving massless
zero mode is the fermion qAi . We repeat the exercise for the B copies, but we switch the
Scherk-Schwarz assignments such that the surviving massless zero mode is the scalar q˜Bi .
Thus the zero mode spectrum for the QA,Bi consists of a massless fermion q
A
i and massless
(at tree level) sfermion q˜Bi , etc.
The ZAB2 guarantees the Yukawa couplings are of the form
W ⊃ λtHuQA3 uA3 + λtHuQB3 uB3 + . . . (50)
and so the Lagrangian terms for the surviving zero modes are
L ⊃ λtHuqA3 uA3 + λ2t |Hu · q˜B3 |2 + λ2t |Hu|2|u˜B3 |2 (51)
(with a slight abuse of notation; q/u denote fermions). As you can see, the couplings
required for protecting the Higgs mass from the top quark at one loop are present, and
the multiplicity factor is guaranteed by the dimension of the scalar representations under
SU(3)B but not under QCD, i.e., SU(3)A. We have used the Z2 and pattern of Scherk-
Schwarz breaking to essentially trade out the q˜A zero modes for q˜B zero modes with the
same tree-level couplings.
This orbifold projection leaves no gaugino zero modes under the gauge factors, so in
particular the particles that control the stop masses and the worst two-loop divergences
(the gluinos) are absent. Thus the theory must still have a low cutoff. In particular, the
soft mass for the squark zero modes is cut off by the size of the extra dimension,
m˜2Q ∼
(α3
4pi
)2 1
R
(52)
so naturalness requires 1/R ∼ 5− 10 TeV. There is still a one-loop divergent contribution
to the Higgs mass from the W loop, but for this size of extra dimension this does not
introduce a substantial fine-tuning.
Given a flat fifth dimension, the theory is not UV complete due to non-renormalizability
of the gauge interactions; it also has a fundamental cutoff Λ at which it must be embedded
into a higher-dimensional theory. This scale cannot be decoupled from R, since the top
Yukawa is volume-suppressed with yt ∼ 1/(ΛR), which constrains Λ . 20 TeV.
The physics of the Higgs sector is that of the MSSM, since Hu and Hd originate from
complete 4D chiral multiplets on one brane. Thus the Higgs mass still requires enhancement
to match the observed value, and in this case large A-terms are not generated.
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So this theory has a low cutoff, since the protection offered by SUSY is preserved only
at one loop. However, the necessary relations between couplings are preserved by the UV
completion into an extra dimension. This provides an existence proof for models where the
immediate physics controlling the Higgs mass is neutral under QCD, but other examples
are likely to exist. It would be particularly interesting to construct models where the shell
game of swapping SU(3) zero modes is unnecessary; it would also be attractive to construct
models that work strictly in four dimensions. In my mind, this is one of the final frontiers
for promising model-building in light of current limits.
7.4 Focus point SUSY
The idea of focus point SUSY [86] is qualitatively quite different from the cases discussed
above. Rather than preserve naturalness by finding reasons for sparticles to satisfy their
generic naturalness bounds consistent with current limits, focus point SUSY attempts
to eliminate the radiatively sensitivity of the weak scale to the soft masses – thereby
allowing large soft masses but with small radiative effects due to cancellations along the
RG trajectory. The construction relies on the observation that certain subspaces of UV
soft parameters can lead to m2Hu(mW ) ∼ 0 irrespective of the overall scale in the UV
parameters.5
The challenge is that one requires UV physics to fix the boundary conditions that lead
to this insensitivity. In this respect focus point SUSY itself an insightful observation in
need of explicit models to enforce the necessary boundary conditions. Examples of such
models may be found in e.g. [87, 88, 89].
To see the focus point effect, consider the RGEs for the soft terms most directly con-
nected to naturalness of the weak scale – m2Hu ,m
2
U3
, and m2Q3 , as well as the A-term At
(since we will be interested in viable predictions for the Higgs mass). Then assuming
m˜2, A2  m2λ, the RGEs are linear with the form [90]
d
d lnQ

m2Hu
m2U3
m2Q3
A2t
 = y2t8pi

3 3 3 3
2 2 2 2
1 1 1 1
0 0 0 12


m2Hu
m2U3
m2Q3
A2t
 . (53)
If the input parameters at the high scale (typically taken to be MGUT in the case of
focus point SUSY) enjoy particular relations, then m2Hu at the weak scale can be made
to vanish. For the soft terms of interest, the necessary relations are satisfied by a two-
parameter family of input values that lead to m2Hu(mW ) = 0 [90]:
5For an excellent extended discussion of the virtues of focus point SUSY in light of LHC data, see [1].
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
m2Hu(MGUT )
m2U3(MGUT )
m2Q3(MGUT )
A2t (MGUT )
 = m20

1
1 + x− 3y
1− x
9y
→

m2Hu(mW )
m2U3(mW )
m2Q3(mW )
A2t (mW )
 = m20

0
1
3 + x− 3y
2
3 − x
y
 . (54)
Since at this orderm2Hu is independent of the scale of the UV input parameters (provided
the theory is constrained to lie along the two-parameter family of focus point relations),
the usual fine-tuning measure ∆ is insensitive to the overall scale of the soft masses. In
principle, this allows for large A-terms to explain the Higgs mass and sparticle masses heavy
enough to satisfy bounds, with corresponding values for ∆ that are much smaller than one
would expect from naive dimensional analysis. Technically speaking, the explanation of
the weak scale is still somewhat post hoc, since there is no intrinsic connection between
mW and m
2
Hu
(mW ) = 0, but perhaps this is asking too much.
In any event, one requires a detailed theory to genuinely argue that the fine-tuning is
reduced. The key assumption above is that one should compute tuning only by varying the
overall scale of soft parameters and the two-parameter family of soft parameter relations.
This is a reasonable assumption in a theory where symmetries restrict the input soft pa-
rameters to the appropriate subspace. If there is no such restriction, then there is a tuning
associated with fixing the input parameters to their focus point relations.
If we shift any of the parameters off their focus point ansatz by an amount δm2, then
the shift in m2Hu(mW ) is also of order δm
2. In general one might expect certain parts
of the focus point ansatz to be singled out by symmetries or model-building finesse –
for example, the universal point x = y = 0 (though this has problems with the Higgs
mass). But particularly when A-terms are turned on, it’s hard to imagine guaranteeing the
necessary relations by symmetries. Without such guarantees, there is a tuning percentage
on the order of δm2/m20 associated with the non-genericness of the UV boundary conditions.
So this is an outstanding target for additional model-building aimed at singling out the
space of UV parameters that lie on the focus point manifold. It also provides an attractive
illustration of the fact that naive expectations for tuning can be derailed by subtle effects.
7.5 Unnatural (mini-split) SUSY
So far I have focused almost exclusively on models aimed at preserving the naturalness of
the weak scale through supersymmetric physics – that is to say, I have considered what
happens if we discard parsimony as a principle and retain naturalness. It is, however,
possible that supersymmetry exists in nature but does not provide a completely natural
explanation of the weak scale, with some degree of fine-tuning keeping the mass of the Higgs
light relative to the mass of other sparticles. In this case the actual structure of SUSY
models can be quite simple, preserving parsimony at the price of naturalness. Perhaps
anthropic selection takes care of the additional fine-tuning, or perhaps a moderate amount
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of fine-tuning is simply acceptable for the weak scale as long as SUSY takes care of “most”
of the tuning up to the Planck scale. Signals may persist if the scalars are not too heavy,
or if fermions such as the gauginos and higgsinos remain light for various reasons and can
be directly produced at the LHC or play a role in dark matter. This scenario is intriguing
to the extent that it provides qualitatively new signals to explore directly at the LHC and
indirectly in measurements of flavor violation, EDMs, and dark matter.
Such ideas about split supersymmetry predate LHC limits [91, 92], but have enjoyed a
recent revival in light of the Higgs mass measurement [9, 93]. As we have seen, the observed
Higgs mass places an upper bound on sparticle masses assuming the quartic is given by the
MSSM D-terms; this bound tantalizingly allows for scalars that lie one or two loop factors
above the weak scale. Such scalars are quite a bit lighter than considered in early models
of split SUSY, and invite model-building aimed at explaining possible hierarchies between
the scalars and weak-scale gauginos. Many problems of weak-scale SUSY model-building
are alleviated, but some finesse is still required to avoid problematic flavor violation and
EDMs.
On one hand, this is a bit unsatisfying when seen through the lens of our initial ob-
jectives. It’s hard to imagine that there’s a “natural-ishness” principle at work, favoring
supersymmetry at a scale that solves most of the weak hierarchy problem but not all of
it. On the other hand, all of our discussion of naturalness has assumed that the biggest
naturalness problem – the cosmological constant problem – somehow factorizes. Anthropic
selection provides by far the cleanest explanation for the observed size of the cosmological
constant. If anthropics is at play there, who’s to say how much, or little, of a role anthrop-
ics plays in tidying up the much smaller hierarchy between the weak scale and the Planck
scale. Since it’s so hard to construct viable models of weak-scale SUSY – even before LHC
limits are taken into account – perhaps nature simply wants SUSY down to the point where
model-building becomes uncomfortable, and no further.
In any event, at present there are many excellent advocates for mini-split supersymme-
try, and so I will not discuss them further here, save to say that studying potentially novel
signatures of higher-scale SUSY deserves more attention.
8 Looking ahead
“Measure what can be measured, and make measurable what cannot be mea-
sured.”
-Galileo Galilei
So here we are. With the LHC shutdown, we have a year or two to think about how
best to devote our energies to the search for supersymmetry – and naturalness in general
– at 13 or 14 TeV. Already ATLAS has published preliminary projections of its sensitivity
in various key SUSY channels at the 14 TeV LHC [94]:
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• The exclusion reach for squarks and gluinos asymptotes to mq˜ ∼ 2.7 TeV and mg˜ ∼
2.3 TeV with 300 fb−1 , reaching mq˜ ∼ 3.1 TeV and mg˜ ∼ 2.7 TeV with 3000 fb−1 .
• The reach for stops will not extend much beyond 1 TeV. In particular, the discovery
reach in t˜→ tχ01 with 300 fb−1 extends out to 800 GeV for an LSP lighter than 300
GeV, while the exclusion reach in the same channel with 3000 fb−1 extends out to
just shy of 1.1 TeV for an LSP lighter than 500 GeV. I find this surprising; with
optimization of search strategies, I expect that sensitivity will extend much beyond
1.1 TeV, perhaps closer to 1.5 TeV or beyond. In any event, we are sure to see careful
projections in the near future.
• The discovery reach for winos is claimed to extend at or beyond 800 GeV with 3000
fb−1 provided the LSP is lighter than 300 GeV. This is also somewhat surprising,
since it represents a considerable improvement over the 300 fb−1 reach.
I would take these sensitivity estimates as approximate for the time being, with the
understanding that more detailed projections will be available soon.6 Either way, ATLAS
and CMS are in a position to decisively settle the question of whether there are super-
partners beneath a TeV, except in only a few pathological or unlucky scenarios. We won’t
even need to wait until 300fb−1 or 3000 fb−1 are on tape; within the first year, if there are
no hints of kinematics-limited new physics, we’ll more or less have moral certainty that
colored sparticles do not exist or lie in the multi-TeV range.
So what are the most promising avenues for further study? In my mind, three things
immediately spring to mind:
• Improve searches without MET, especially purely hadronic searches.
• Focus on looking for electroweak physics at the electroweak scale.
• Pursue radically natural ideas like colorless supersymmetry.
On the search strategy end, we should focus as much as possible on improving searches
that do not rely on substantial amounts of MET. There are already useful proposals along
these lines, and sensitivity will benefit further with additional study. To the extent that
searches without MET often must rely on identifying signals through high hadronic activity
or multiplicity, there is great utility in improving our understanding of QCD backgrounds
and further developing search strategies to differentiate SM jets from BSM jets.
While the reach for colored sparticles is high and will only grow higher at 13-14 TeV,
the situation is considerably different for electroweak physics. Our sensitivity to new
electroweak degrees of freedom is barely better than LEP, and in the case of light charginos
6My expectation is that the stop reach will increase and the wino reach may decrease relative to current
projections, but we’ll see.
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the LHC says nothing that we did not already know in 2001. Considering that the one
particle discovered so far at the LHC was an electroweak degree of freedom, there’s much
to be said for focusing efforts on
1. Improving LHC sensitivity to new electroweak physics through improved kinematic
variables and focused search strategies.
2. Constructing models of new physics where the intrinsically light degrees of freedom
carry only electroweak quantum numbers.
This ties into what I see as the “final frontier” in electroweak naturalness: theories
where the naturalness of the weak scale is still guaranteed by light degrees of freedom,
but where these light degrees of freedom do not carry QCD quantum numbers. Folded
supersymmetry provides a proof of principle for how such a theory might function, but at
the moment is a solitary example of what must be a broad equivalence class of theories.
Only after we’ve extensively studied such theories and developed searches for the relevant
partner particles can we decisively evaluate the state of electroweak naturalness at the LHC.
I began with a pithy summary of the state of supersymmetry after Run I of the LHC,
claiming that
Candor compels me to declare that at this time there is no supersymmetry as
our forebears understood the term, and as they meant it to be understood by
us.
I hope I have convinced you that this is an optimistic statement, rather than a pessimistic
one. There is immense opportunity to build new models involving supersymmetry and
develop new search strategies to discover them. And the wonderful news is that there will
be immediate and decisive feedback from Run II. In a matter of only a few years we will
know whether supersymmetry plays any role in physics at the TeV scale – not only the
supersymmetry of our forebears, but also the supersymmetry of our own era.
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